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This dissertation comprises a site-based investigation into the ease at which durable concrete 
can be produced, using three extenders and four site-curing methods over four seasons in the 
Port of East London (Eastern Cape). 
GGBS, FA and CSF were selected as extenders as it is well established that these extenders 
enhance the durability properties of concrete, relative to plain unblended concretes. The test 
elements modelled two structural elements in the Port viz. a reinforced concrete retaining wall 
and mass concrete paving slabs. This was to facilitate possible future correlation or further 
study. For closer correlation, test elements were cast in close proximity of the actual retaining 
wall and likewise for the slabs. 
Site-curing methods selected were as follows: 
Walls 
• The application of a resin-based pigmented curing compound; 
• The retention of timber 20mm plywood shutters; 
• The application of a double layer of saturated hessian covered by a greed plastic 
sheet; and 
• No curing. 
Slabs 
• The application of a resin-based pigmented curing compound; 
• The application of a saturated 75mm layer of sand; 
• The application of a double layer of saturated hessian covered by a green plastic 
sheet; and 
• No active curing. 
The curing methods were selected given their current use in the industry, ease of application 
and low cost. 
Given that the study took place in an uncontrolled environment, over a full year i.e. four 
seasons. It was necessary to develop a model or system to evaluate the environmental effect 
on each of the test elements. Fortunately a recent studylO completed at the University of Cape 
Town, made it possible to apply the fmdings to a preliminary environmental characterisation 
system. 
The system, however has limitation with regard to the following aspects: 
• The laboratory based study used OPC concrete only and not extenders; 
• The temperature and relative humidity ranges used, in the laboratory based study, 
did not cover the ranges experienced on site; and 











· Without the development of this system it would have been impossible to evaluate the 
interaction between the environment and curing and also to place the study in a regional 
context. By developing an environmental characterisation system for two other regions in 
South Africa (Cape Town and Johannesburg), it was possible to comment on the relative 
effect of the environment, in developing the durability indexes, on the study site. 
At the outset of the study only 28-day testing was planned. However the preliminary 28-day 
results appeared to be somewhat anomalous, hence it was decided to repeat the testing at 120-
days. This added a new dimension to the investigation, as it was now also possible to 
comment on the change in durability index with time. The specification governing the 
manufacture of cements was revised during the study period and resulted in the 
discontinuation of the cement used at the outset of the study. It was necessary to make use of 
the closest available "revised" cement product as for the element age this also made it possible 
to evaluate the effect of change in binder chemistry. 
GENERAL CONCLUSIONS 
The environmental characterisation system, although unrefined, and subj ect to the limitations 
as explained, was found to be a valuable tool. It indicated clearly that East London provided 
the most favourable environment of the three regions considered. Initially Durban was also 
considered, but was discarded from the analysis, due to the similarity of the climatic 
conditions to East London. In other words Durban and East London can be expected to 
provide a very similar environment for the development of durability properties. 
The chloride conductivity results obtained showed sensitivity to binder type, with FA and 
GGBS concretes yielding better properties than CSF concrete. This confirmed findings of 
previous studies and the chloride conductivity results also responded to the change in cement 
manufacture specification. 
The water sorptivity results showed sensitivity to curing, reinforcing the findings of prior 
studies. The results of the environmental analysis are borne out in that very little variation in 
results is evident between fully cured and uncured results. This is aligned to the findings in 
terms of the beneficial environment afforded the test elements in East London. 
The oxygen permeability index is shown to be more sensitive to the binders that are known to 
produce a denser concrete pore structure and curing. Once again the results of this 
investigation reinforce the findings of previous researchers. The importance of compatibility 
of cement and extender is highlighted in that the CEM I cement produces noticeably poorer 
properties, than the OPC cement concretes. 
The major single finding is the trend of the durability index results improving with time form 
28 to 120 days, regardless of curing method. This is somewhat contrary to previous 
laboratory work, where it was found that within a short period of time that for fully cured 
samples, durability properties very close to the 28-day results were realised. The question 
remains whether they continue to improve with time, and the rate at which this would occur. 
More importantly, at what age does the improvement slow to become negligible? 
The benign environment of East London has masked the sensitivity of the site-curing 
methods. In other words the observation relating to the improvement of the uncured samples 
with time will in all probability not be repeated in other regions with a harsher climate. It is 











developed for a particular area or region. Unfortunately in the case of this study the masking 
effect is so pronounced that it is not possible to comment on the effectiveness of the various 
site-curing methods. It must be stressed that this does not suggest that curing has no benefit, 
but rather that the environment and curing interact in developing durability properties. 
THEWAYFORWARD 
a) The environmental characterisation system requires refinements in that a study similar 
to the one undertaken by Griesel10 is required with the following refinements: 
• FA, GGBS and CSF concretes must be added; 
• The limits of temperature and relative humidity must be expanded to 
accommodate the full climatic range experienced in South Africa, and also in 
order to make it possible to distinguish between the effects of temperature and 
relative humidity; and 
• The durability indexes must be detennined at a series of element ages to facilitate 
evaluation of development of properties with time. 
b) With the above infonnation it will be possible to refine the system and then to correlate 
it with real site-based results for various climatic regions in South Africa. Only then 
will it be possible to gain a fuller understanding of the complex interaction between 
curing, the environment and various binder interactions. 
c) The interaction between cement type and extender requires more investigation. While 
this study used cement from one source only, a study evaluating the effect of various 
cements from various sources will indicate the compatibility of extender and cement 
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With the realisation that concrete as a construction material is less durable than it was thought 
to be a decade or two ago, large amounts of resources have been expended in attempting to 
establish the cause of the misconception and development of remedial measures. 
The South African approach has been in the development of the "Durability Index" approach 
as discussed in more detail in Chapter 2. Much work has been done in South Africa to date, 
but has been mostly laboratory orientated, and has indicated the benefit of cement extenders, 
wet curing and waterlbinder ratio on concrete durability. Links have also been made between 
design life and durability index results and preliminary "target envelopes" for the various 
index tests have been suggested. 
The ultimate aim of all the work in this field is to culminate in a revised specification that can 
be easily implemented. Bouwer6 undertook one of the most comprehensive studies to date, 
based on concrete produced under site conditions. In her project she had no control of the 
batching, placing or curing process and her aim was to determine if the index approach was 
sensitive to on site quality control. This project shares a common focus but differs in that the 
batching, placing and curing are controlled by the author under site conditions using 
equipment and technology readily available to the industry. The aim is to determine if it is 
possible to produce good durability indexes on site, and what curing methods are best suited 
to ensuring good durability. This it is felt will add a practical dimension to the common aim 
of developing a revised durability specification. 
In Chapter 2 a literature review of ava lable literature and work undertaken in this field is 
presented with the aim of placing this project in context. The experimental details are 
discussed in Chapter 3, outlining the location of the test sites and the experimental procedures 
used. Given that the project was undertaken in an uncontrolled environment, one of the 
crucial requirements is to produce a characterisation system where the effect of the 
environment can be quantified and used as a basis to compare test data generated. Thus 
Chapter 4 sets out a characterisation framework used in the analysis of the durability index 
data. In Chapter 5 the chloride conductivity results are discussed culminating in conclusions 
relating to site practices that produce acceptable chloride conductivity results. 
Water sorptivity and the oxygen permeability index results are <4scussed in Chapters 6 and 7 
respectively with the related conclusions, and in the final chapter broad conclusions and 












~ee durability index tests have been developed recently by South African 
researchers! 2345 namely the: 
• Oxygen penneability index test; 
• Water sorptivity index test; and 
• Chloride conductivity index test. 
Each test measures a different transport property of fluids or ions through the 
cover layer of concrete. The resistance of the concrete to these transport 
processes governs the deterioration of the concrete and embedded steel 
reinforcement and may therefore defme the potential durability of concrete. The 
tests have proved sensitive to durability-related aspects of concrete construction 
such as material selection, compaction and curing. The tests have been developed 
and proven in the laboratory, but limited testing has been undertaken on concrete 
produced on construction sites. The tests are discussed in more detail in 2.10 of 
this chapter as also chapter 3. 
One of the most comprehensive studies to date, based on concrete produced under 
site conditions using the durability index tests was undertaken by Bouwer6, for her 
M.Eng. (Civil) dissertation. She used the durability index tests to assess quality of 
concrete produced at several different construction sites in the Cape Peninsula 
area (Western Cape, South Africa). Both site-prepared cubes as well as cores 
taken on location from the various structures were tested. Concrete placed on the 
sites was either site-batched or supplied via a ready-mix operation. 
The objectives ofBouwer's study were as follows: 
• To measure and present durability index results of actual site concrete, and 
evaluate the influence of construction methods, design parameters and 
environment on the index values; 
• To measure and present durability index results of several batches of ready-
mixed concrete and compare them with the site results; and 
• To lise the results obtained to assess whether the index tests could assist in 
controlling concrete quality on-site. 
Her study and this project share a common focus to provide a database of results 
and also to expand the current understanding of appropriate measures to ensure 
durable concrete. Bouwer prepared a detailed review of available literature at the 
time of publishing her study (late 1997) and, given the similarity between the two 
projects, it was decided to prepare a summary of her review as a point of 
departure. This chapter is in two sections; the fIrst section is a summary of the 
literature review prepared by Bouwer and the second section is an expansion on 











In preparing the summary of the literature review prepared by Bouwer it is 
important to note the following: 
• The summary quotes no references. 
• Most of the references as listed by Bouwer have been studied by the writer 
of this thesis and due comment is made regarding the writer's opinion in 
terms of the accuracy of her interpretation of the references. However at the 
time of preparing this thesis, the writer was unable to access all the 
references listed by Bouwer. Hence in the section detailing the reference 
list, the studied references as also the references not studied by the writer 
are noted. 
• In the summary no diagrams used in Bouwer's review are reproduced. 
• The second section uses the numerical reference scheme, referencing new or 
additional references as studied by the writer. 
SECTION 1: SUMMARY OF LITERATURE REVIEW PREPARED BY 
BOUWER6 (1997) (ITEMS 2.1 to 2.11) 
2.1 INTRODUCTION 
This summary of Bouwer's review begins by briefly assessing the existence and 
enormity of the concrete durability problem not only in South Africa but globally. 
The next section covers a definition of durability, briefly outlines the 
characteristics of the cover layer with the associated transport properties and 
outlines the degradation mechanisms. Following this is a section that explores the 
major factors that contribute to the current situation, followed by a proposed 
solution. 
2.2 DURABILITY OF REINFORCED CONCRETE 
Deterioration of reinforced concrete structures is a problem that has manifested 
itself on a global scale, within the last fifty years. A large amount of capital is 
invested annually on repairs and of concern is that the phenomenon is indicating 
escalated annual growth. 
In South Africa, the problem would appear less severe, but durability related 
problems are being reported with increasing frequency. In a fairly recent survey 
of marine concrete structures in the Western Cape, South Africa, it was found that 
many of the structures in a mild coastal exposure climate manifest cracking and 
spalling within an average of twenty years after construction while structures in a 
severe exposure climate show similar degradation after about fifteen years on 
average. 
This points to two disconcerting conclusions, firstly that concrete as a 
construction material is not as durable as it was thought to be and the rapid 
deterioration of concrete is a fairly recent phenomenon. Research in the past 
decade has established that the factors that govern durability aspects of concrete 
differ from those that govern the strength development of concrete; thus clearly 
















The latest revision of the South African Standard for design of reinforced concrete 
considers a concrete element durable if, "when subjected to potentially destructive 
exposure (other than wear or loading), it protects the embedded metal from 
corrosion and performs satisfactorily for the lifetime of the structure". 
Since the only protection afforded the reinforcement is via a thin skin of surface 
concrete, or cover concrete, it follows that durability is largely a property of this 
layer. The durability of reinforced concrete is thus a function of the ability of the 
cover concrete to resist the ingress of harmful elements. The compressive 
strength of concrete bears no relation to the performance of the cover in resisting 
the ingress of deleterious elements. 
The rate of transport of any fluid through concrete depends primarily on the pore 
structure, the transport mechanism involved, and the chemical composition of the 
cement and the properties of the aggregate. 
THE COVER LAYER OF CONCRETE 
THE CHARACTERISTICS OF THE COVER LAYER 
At Macro Scale 
The poorest quality concrete always tends to occur on the surface or cover layer 
caused by the following three factors. 
• The greatest moisture loss occurs in the surface zone; 
• the movement of air and moisture out of fresh concrete results in a gradient of 
waterlbinder ratio and 
• stresses due to loading are more severe at the outer fibres of the members, 
increasing the probability of micro cracking. 
At Micro Scale 
The two major factors that define the pore structure of concrete are the pore size 
distribution and the degree of inter-connectivity of the pores. The relationship 
between these two factors influences the rate of transport of any fluid through the 
concrete. 
2.4.1.2.1 The Pore Size Distribution 
Porosity is defmed as a volume property of a material, referring to the non-solid 
component of the material, and decreases from the outer face of the concrete to 
the core. The size of the pores in cement paste and concrete varies considerably 
and can be categorized into three groups as indicated in Table 1. 
TABLE 1: PORE SIZE IN CEMENT PASTE 
DESCRIPTION TERMINOLOGY SIZE 
COMPACTION VOIDS AND ENTRAINED AIR MACROPORES > 1 J.Lm 
CAPILLARY PORES MACROPORES 0,01 TO 1 J.Lm 











Primarily the capillary and compaction voids and entrained air influence the 
permeation and penetrability. These pores are the principal pathways for the 
movement of liquid and gaseous phases in concrete and the degree to which the 
pores are interconnected is one of the determining factors in the rate of 
deterioration of a reinforced concrete section. 
2.4.1.2.2 The Degree of Inter-Connectivity of the Pores 
The degree of inter-connectivity of the pores in concrete (more widely known as 
the penetrability) is the primary factor that controls the extent and rate of the 
movement of any fluids or gases into the concrete. This is thus the property of 
concrete that is one of the main factors in controlling the deterioration of the 
concrete. 
Microcracks between the aggregate and cement paste, and between the 
reinforcement and the cement paste, result in the penetrability of concrete being 
greater than that of the corresponding cement paste of well-cured concrete. The 
presence and distribution of these discontinuities in the pore microstructure of the 
concrete determine the penetrability of a concrete element. This property affects 
not only the extent of concrete deterioration but also the rate. 
2.4.2 THE TRANSPORT PROPERTIES OF THE COVER LAYER OF CONCRETE 
Bouwer's review defined common terminology relating to the transport properties 
of the cover layer of concrete and also the movement of molecules through the 
concrete, in some detail. The author has selected to omit the detail but wishes to 
stress the following important detail: The transport or movement of molecules 
through concrete is a process of complex interaction between both the 
characteristics of the cover concrete and the environment to which the element is 
subjected. 
2.5 DETERIORATION MECHANISMS OF REINFORCED CONCRETE 
Bouwer6 focused on this section of her review in great detail and expanded 
primarily on chemical deterioration mechanisms describing the influence of 
various factors on the process. This author has selected to omit the detail but 
wishes to focus on the influence of chloride ions on the chemical deterioration 
mechanism, given the location and focus of this project, in East London. 
2.5.1 CORROSION OF REINFORCEMENT 
2.5.1.1 
Given the consensus that the corrosion of reinforcement is believed to be the 
major cause of deterioration of reinforced and prestressed concrete structures in 
the marine environment, the author wishes to highlight briefly some important 
factors of the corrosion process. 
General 
Corrosion of reinforcement in concrete is an electrochemical process that occurs 
when certain conditions are met. Normally, the reinforcement is protected against 
corrosion by the impermeability and alkalinity of the concrete, resulting in 












free reaction products (ferric oxide), shortly after placing of the concrete, and 
protects the reinforcing from corrosion. 
The alkalinity of the cement paste adjacent to the steel can become reduced due to 
the ingress of deleterious gases or ions reacting with the hydration products. The 
lower pH of the surrounding pore fluid can then cause depassivation of the 
reinforcement and reinforcing will then be available to react in the corrosion 
process. 
The Corrosion Process 
Once the passivity of the steel is destroyed, the corrosion process can start. Two 
different types of corrosion can be distinguished, normal corrosion and pitting 
corrosion. 
2.5.1.2.1 Normal Corrosion 
Corrosion of steel in concrete is an electrochemical process where potential 
differences result in the formation of anodic and cathodic areas along the surfaces 
of a reinforcing bar. Various factors can result in the development of an 
electrochemical potential difference in concrete. 
Oxidation takes place at the anodic site and the liberated electrons move to the 
cathodic site and the oxidised iron goes into solution in the electrolyte. Air and 
water penetrate the concrete in the region of the cathodic site and react with the 
free electrons to form hydroxyl ions, which are transported via the electrolyte to 
the anode, where they react with the oxidised iron. 
The product of this reaction is called rust, and can have up to seven times the 
volume of the original material. This together with expansive hydraulic pressures 
results in tensile stresses being generated in the concrete, which cause cracking 
when the tensile capacity of the concrete is exceeded. 
For the above reaction to occur the following conditions must be met: 
• The passivity ofthe reinforcing must be destroyed; 
• To facilitate the development of an anodic and cathodic site, a potential 
difference must exist on the surface of the reinforcing; 
• Water must be available to form an electrolytic link between the anodic and 
the cathodic sites; 
• Oxygen must be present at the cathode; and 
• To facilitate the flow of electrons from the anode to the cathode, the 
electrical resistivity of the concrete must be sufficiently low. 
If the ratio of the cathodic area to anodic area (Ad Aa ) is greater than 100 the 
density of the galvanic current will be very high resulting in rapid corrosion. 
2.5.1.2.2 Pitting Corrosion 
Pitting corrosion differs from normal corrosion in that a very small localized 
anodic area is developed by ingress of chloride ions, relative to a larger cathodic 
area. The effect of the large Acl Aa ratio results in severe localized pitting 















THE INFLUENCE OF CHLORIDE IONS 
The Ingress of Chlorides into Concrete 
Chlorides can enter concrete either via contaminants or admixtures in the concrete 
mix, de-icing salts (used to keep roads ice-free in cold climates), or seawater. 
Given the location and focus of this project the latter is of interest only, in this 
case. The ingress of chloride ions into concrete is primarily a function of the 
penetrability (the degree of interconnectivity of pores or paths) of the cover layer 
and the presence of a transport medium i.e. water. 
The Action of Chlorides 
Chlorides can be physically bound by being adsorbed onto the pore surface inside 
the concrete or chemically bound by reaction with the hydration products. The 
amount of chlorides that can be chemically bound is dependent not only on the 
cement type but also the chemical composition of the cement and the temperature 
and relative humidity of the environment. 
When the chloride ion concentration exceeds 4 mg/ R to 6 mg/ R the electrical 
potential at the steel surface changes from positive to negative, the protective film 
surrounding the reinforcing steel becomes permeable and unstable, and the 
underlying metal is depassivated. When the molar ratio of the percentage of free 
or unbound chloride ions to percentage of inhibitive (OH") ions is more than 0,6, 
the protective film will also be destroyed, even when the pH is above 11,5. When 
chloride ions reach the protective film in the correct concentration, they either 
convert insoluble iron oxide to soluble iron chloride or otherwise become 
included in the oxygen layer in a way that it becomes permeable to gases and ions. 
The soluble chloride salts can act as a strong electrolyte which leads to the 
activation of the metal. When the protective film is destroyed, the chloride ions 
start to dissolve small areas of the reinforcement, resulting in a severe type of 
pitting corrosion. The chloride ions act as a catalyst in the pit, accelerating the 
dissolution of iron in the anodically active pit. The region of pitting corrosion 
extends partly over the region of iron passivity in the system iron-water. The 
extent of pitting corrosion depends on the chloride concentration. If the latter is 
below the critical level, no pitting develops and steel is in the region of passivity. 
The higher the chloride concentration, the more intense the pitting. With the 
concentration constant, the corrosion will increase with temperature. 
When large amounts of chlorides are present, concrete tends to hold more 
moisture, lowering the electrical resistivity of the matrix and increasing the risk of 
corrosion. Chloride ions also introduce a source of variation of electrical potential 
along the reinforcing steel, thus leading to the formation of concentration cells. 
2.6 FACTORS INFLUENCING THE DURABILITY OF CONCRETE 
2.6.1 CEMENT TYPE 
The cementitious material used both chemically and physically affects the 
durability of concrete structures. The use of blended cements has become more 













concrete and also a wider realization for the need to conserve energy and 
resources. 
The Effect of Cement Type on the Penetrability of Concrete 
As mentioned in 2.4.1.2.2 of this chapter the penetrability of concert is a term 
used to describe the inter-connectivity of pores in the concrete matrix. In well-
cured concrete the use of cement extenders can reduce the concrete's 
penetrability. The chemical composition of ordinary portland (Ope) cement has 
little effect on the penetrability of hardened cement paste to the ingress of chloride 
ions, while the use of granulated ground blastfurnace slag (GGBS) or fly ash (FA) 
has been shown to decrease the penetrability of concrete several orders of 
magnitude relative to ope. In addition to this the pozzolanic reactions between 
free lime and cement extenders fonn hydrates that block or close pores or "flow 
paths" in the concrete. 
GGBS (a latent hydraulic material) reacts with water, however very slowly, but 
when blended with portland cement the reaction is accelerated. The GGBS also 
consumes free lime released by the hydration of portland cement, which is 
incorporated into the cement gel. 
FA (a pozzolanic material) acts at early stages as an inert fine aggregate reducing 
the water demand and accelerating the hydration process, when blended with 
portland cement. Later in the reaction, it reacts with water and hydroxides 
released by the hydration of portland cement and itself hydrates which fills the 
pores of the concrete matrix. 
The Effect of Cement Type on the Chloride Resistance of Concrete 
The ingress of chlorides into concrete can be restricted by the physical pore 
structure of the concrete or by chlorides becoming chemically bound by the 
reaction products of the hydration process. 
Well-cured blended cement concrete is less permeable than nonnal ope concrete, 
and thus has a greater resistance to the ingress of chlorides. GGBS concretes have 
been shown to resist the ingress of chlorides more successfully than FA concretes, 
which in turn are more successful, than "unextended" concretes. 
The hardened cement paste of GGBS concrete has the ability to chemically bind 
substantial amounts of chloride ions, thus interrupting the concentration gradient 
needed for diffusion. FA concretes exhibit a lesser ability to bind chloride ions, 
but greater than "unextended" concretes. 
2.6.2 WATERIBINDER RATIO 
The ratio of water to binder is one of the primary detenninants of the potential 
durability of concrete, achievable only if good curing and compaction practices 
are applied. Broadly the penetrability of concrete is dependent on the degree of 
hydration of the concrete, and reduces with degree of hydration (should no water 
be lost to evaporation). For a lower waterlbinder ratio, more binder is available to 
react with the water and the sooner is the point reached that the concrete matrix 











waterlbinder ratio, and the higher the degree of hydration, the lower the 




Aggregate type and size both influence the potential durability of concrete. 
Aggregate Type 
Relative to course aggregate, limestone and dolomite may result in a better bond 
to cement paste than quartz, feldspar or other aggregates containing mica. It has 
been suggested that aggregates should be carefully selected to ensure 
compatibility of thermal expansion properties between the aggregate and cement 
paste, to minimize cracking due to differential expansion or contraction. 
Aggregate Size 
Due to variations in temperature and relative humidity concrete undergoes 
dimensional changes and studies have shown that larger aggregates offer more 
local restraint and induce more micro cracking than smaller aggregate. It has also 
been shown that the coefficient of permeability increases with aggregate size for a 
given waterlbinder ratio. 
2.6.4 COVER 
This is considered by many researchers to be the single most important factor 
concerning concrete durability. As mentioned previously in this chapter, it is this 
relatively thin skin that protects the reinforcing from the action of harmful agents. 
It is thus crucial that the cover layer is of sufficient thickness and quality to ensure 
protection to the reinforcing. 
The advantages of a moderately thick cover cannot be overstated and it has been 
proposed by researchers that this factor alone (if adhered to) could greatly 
improve the durability of concrete structures. 
2.6.5 CURING 
Curing can be defined as the process of maintaining a satisfactory moisture 
content and temperature in the concrete in the period immediately following 
placement so that hydration may continue until the permeability· and strength is 
developed. Curing serves primarily a durability function in that it directly affects 
the quality of the cover layer of concrete. 
During the hydration process the compounds of cement react with water and are 
bound together to form concrete, and as the reaction continues the products are 
further deposited in the pores of the concrete reducing the permeability and 
penetrability of the concrete. The hydration process is dependent on the 
availability of water and it is thus crucial to prevent premature drying of the 
concrete. This not only stops the hydration process but can also block capillaries 













other hand water is maintained in the concrete, the hydration will continue to 
reduce the penetrability of the concrete. 
Research has shown that initial moist curing of concrete has a more important 
effect on the sorptivity than the strength, where sorptivity can be defined as the 
rate of movement of a fluid into concrete due to capillary suction. Blended 
cements hydrate slower than unblended cements, and thus are more sensitive to 
the duration of curing. It has also been shown that as the concrete strength grade 
increases the rate of evaporation of moisture from the concrete decreases and thus 
these concretes are less sensitive to variations in curing regimes. Thicker sections 
are less affected by curing for the same reason. 
Several different types of curing are used in practice, from covering members with 
a plastic sheeting to spraying with a curing compound or retaining the formwork 
for a few days. In general water-retaining curing methods are less effective than 
water-added curing methods, but the latter is very seldom practical. 
2.6.6 COMPACTION 
Several researchers have recognized the importance of proper compaction to 
ensure dense packing of the concrete by eliminating the entrapped air. This not 
only reduces the penetrability of the concrete but also ensures adequate internal 
bonding of the constituents of the concrete. 
Insufficient compaction can lead to relatively large entrapped air inclusions in low 
slump concrete (up to 30 mm in diameter) which result in concrete of reduced 
density and strength. In moderate to high slump concrete insufficient compaction 
can lead to smaller bodies of entrapped air at the surfaces cast against formwork, 
which reduce cover and yields poor visual appearance. 
Excessive compaction can cause segregation of the concrete and in low slump 
concretes will result in a lower content of coarse aggregate in the top 10 mm to 20 
mm of an element. In moderate to high slump concrete excessive compaction will 
lead to settling of the coarse aggregates which results in microbleeding of the 
paste. 
2.6.7 ENVIRONMENTAL EFFECTS 
For deleterious processes to develop in concrete, interactions are required between 
the material in the structure and the environment. Of decisive influence is the 
local climate within meters, or the microclimate within millimeters of the 
structure, and the conditions around buried or submerged parts of the structure. 
The influence of any environment on concrete can be broadly divided into three 
stages. Stage one is the environmental conditions soon after casting of concrete 
and these will have a dominant effect on the curing requirements of the structure. 
The second stage comprises loading and weather effects such as cycles of wetting 
and drying as well as heating and cooling. These can facilitate the propagation of 
micro cracks until they become continuous. Once this happens the permeability 


















In the third stage, water, oxygen, carbon dioxide and acidic ions are able to 
penetrate easily into concrete. The presence of these elements can lead to the 
deterioration of the concrete and reinforcement and can lead to further dramatic 
increases in permeability of the concrete. 
Temperature 
Increase in the ambient temperature will increase the rate of penetration of carbon 
dioxide, chloride ions or other aggressive elements into concrete, while it will also 
increase the rate of evaporation of water from the pores of the concrete. Once the 
aggressive substances have entered the concrete chemical reactions will be 
accelerated by the increase in temperature. 
Relative Humidity 
The relative humidity influences the rate at which concrete loses water by 
evaporation and the amount of water in the concrete will determine the 
deterioration process that will take place. At very low relative humidities the 
evaporation rate of the concrete is controlled by the temperature, and elevated 
temperatures can lead to an increase in the moisture gradient between the concrete 
and the surface in contact with the air and thus lead to a rapid loss of moisture 
from the concrete. 
PROBLEMS RELATED TO ACHIEVING CONCRETE 
DURABILITY 
THE DEVELOPMENT OF CONCRETE TECHNOLOGY 
Researchers have indicated that in the last fifty years construction techniques have 
changed in that the primary focus is now on speed of construction. To 
accommodate this trend it has become common practice to make use of 
admixtures to reduce the striking times of formwork. Coupled with this is a 
change in cement manufacture specification, resulting in chemical changes to the 
material (increase of the C3S content) and also a increase in fineness. These 
manufacturing changes have resulted in modern concretes requiring less binder at 
higher waterlbinder ratios to achieve the same 28-day compressive strength of 
concretes than fifty years ago. It is also felt that when a new material or 
technology offers a certain advantage, it is incorporated into practice immediately 
without an extended trial period. 
The "common sense" approach of the past has been abandoned in favour of the 
practice of designing for strength alone by using relationship of waterlbinder ratio 
versus strength. The result is that many concrete structures are being constructed 
of highly permeable materials that show signs of durability-related problems very 
early in their design lifespan. 
2.7.2 THE CUBE COMPRESSIVE STRENGTH OF CONCRETE 
Researchers believe that many engineers are under a misconception that the 
concrete cube compressive strength test is a reliable indicator of the durability of 











not exhibit sufficient sensitivity to curing or indicate the quality of the cover layer 
of the concrete. 
2.7.3 CURING 
Although curing is crucial to ensuring durable concrete, it has been shown that on 
most construction sites curing procedures are not adhered to, or if implemented 
are done so without due care. In an extensive survey in the United States of 
America, it was shown that approximately 75% of the concrete used in non-
residential construction was either not cured at all or not cured to specification. 
Apart from this there exists little or no quantitative data on the effectiveness of the 
various site-curing techniques, making it even more difficult to evaluate their 
suitability. 
2.7.4 QUALITY CONTROL 
Although it is possible to produce durable concrete under controlled conditions, it 
has still to be proven that this also applies for concrete in actual structures. It is 
the experience from several international structures that the properties of the 
concrete in place differ from the properties determined in the laboratory. The 
reason for this can be that the current quality control systems rely on small 
samples prepared independently and subjected to tests in laboratories. The 
samples are not necessarily representative of the placed concrete. 
2.8 INADEQUECIES OF CURRENT SPECIFICATIONS FOR 
ACIDEVING DURABLE CONCRETE 
2.8.1 CURRENT PRACTICE 
In the latest revision of the current standard for concrete practice in South Africa, 
the following durability related specifications are given: 
• the minimum thickness of the concrete cover; however no distinction is 
made between binder types or extender blends; 
• maximum waterlbinder ratios; 
• minimum binder content; 
• minimum allowable chloride content; and 
• concrete grade. 
The South African code acknowledges that one of the main characteristics that 
enhance the durability of any concrete is its impermeability. It points out that the 
impermeability of the concrete depends on the maximum waterlbinder ratio, 
proper compaction and adequate curing practices. The code indicates that the 
concrete must be cured for a minimum of 7 days after casting to prevent 
"excessive" moisture loss. While the code highlights the importance of the factors 
as discussed above it relies on the cube compressive strength test as the only 
standard test. It is well accepted that the cube compressive strength test is a bulk 
index test and offers no indication of the durability of the concrete cover layer. 
Also the cube test is not able to indicate compliance with specified site concreting 











While the European codes expand their durability specifications somewhat to 
include limits on crack widths, minimum air content, maximum aggregate size 
and water penetration they also ultimately rely on the cube or cylinder 
compressive strength test. A few codes make use of a water penetration test, 
however the tests have been severely criticized given their sensitivity to in-situ 
moisture conditions of the concrete. 
2.8.2 INADEQUACIES OF CURRENT SPECIFICATIONS 
It is generally felt among researchers that the current approach offers too little 
guidance on achieving durable concrete. Specifications are passive and imply 
durability rather than directly specifying it. Clearly standard tests, which measure 
the durability-related properties of concrete to assess compliance with a 
specification are lacking. Only when this is in place will it be possible to assess 
compliance or non-compliance with a set durability standard. 
A complete concrete specification would need to provide a balanced set of 
concrete characteristics and the means to measure them which takes into account 
all requirements for construction, structural capacity and durability i.e. cover to 
steel, permeation properties and chemical resistance. 
To specify durability performance characteristics, there are three requirements: 
• A suitable durability measure for specification and compliance purposes; 
• A simple and reliable test; and 
• A test method that is suitable for site use. 
The links between permeation properties and durability have long been 
recognized and it has been suggested that permeation tests point to a way forward 
in specifying concrete by performance related criteria. 
2.9 THE INDEX APPROACH TO ACmEVING DURABLE CONCRETE 
2.9.1 DURABILITY INDEX TESTS AS A POSSIBLE SOLUTION 
Over the past few years a number of tests have been developed which measure the 
transport of fluids and gases through the cover layer of concrete. The tests 
simulate transport mechanisms that facilitate the deterioration of the concrete and 
the results have been found to be sensitive to variations in concrete quality and 
durability which can arise from differences in materials, waterlbinder ratio, binder 
content and type, compaction, curing, environment etc. Results from these tests 
on early age concrete have also to a certain extent been correlated with the long-
term durability performance of concrete structures. The test results are however, 
not absolute measures of the material properties of the cover concrete, but are 
"index" values, and can thus be used for comparative and control purposes. 
The test results have been found to be reliable and able to give single parameter 
assessments of the effectiveness of various mix design parameters and curing 
procedures in developing the pore structure of the cover concrete. This is 
achieved by measuring specific material properties of the concrete such as water 
absorption, chloride diffusion and permeability. Therefore the potential exists that 











• To control the relevant durability properties of the cover layer of concrete 
during construction by specifying limits for the index values at 28 days; 
• As a means of assessing the effectiveness of site practices and the quality of 
construction for compliance with the specifications; 
• As a basis for fair payment for the achievement of concrete quality on-site; 
and 
• To predict the long-term durability performance, i.e. the service life, of 
concrete in its design environment. 
2.9.2 AVAILABLE TEST METHODS 
A wide range of durability tests are described in literature and Table 2 gives a 
summary of the most well-known of these tests as well as their relation to the 
different transport properties and the method of testing. Where the particular test 
has been taken up in a specification, it is also shown. 
2.9.3 DURABILITY INDEX TESTS AS A MEANS OF CONTROLLING DURABILITY-RELATED 
SITE PRACTICES AND DESIGN CRITERIA 
Table 3 shows the durability related factors for which the various tests have been 
found to be sensitive. 
TABLE 2: AVAILABLE CONCRETE DURABILITY TESTS (Adapted from Bouwel) 
IN SITu/ IN sITU TESTS LABORATORY BASED TESTS 
LAB BASED: 
TRANSPORT ABSORPTION ABSORPTION PERMEABILITY IONIC 
PROPERTY: DIFFUSION 
METHOD OF Measurement of Shallow Measure depth Pressure Measure the 
TESTING: Penetration Immersion, of penetration induced flow Conductivity 
depth Measurement of by sample 
Mass increase splitting 
Initial surface Kelham's water : ISATbyHo Water Streicher's 
Absorption test Absorption test : et aI, Penetration Chloride 
(ISAT)-BS 1881 
, 
test - DIN 1048 conductivity , , 
part 5 
, 
inEN206 test , , 
Figg's method Ballim's water ; Figg by Ho et Clam test Rapid chloride 
of ISAT Sorptivity test al Permeability 




Covercrete Absorption test ! CAT by Ho et al Autoclam test Dundee 




Absorption test Hansen's gas 
- ASTM Permeability 
C497 test 
: 
Absorption test Figg air and 
- AS 1342 water 
Permeability test 
Rate of capillary Ballim's oxygen 











Since the durability index tests are related to design criteria such as cement type 
and watericement ratio, concrete mixes could now be designed with a potential 
durability index as objective. Whether or not this potential durability is achieved, 
will then depend on-site practices such as curing and adequacy of compaction. 
2.9.4 RELATING DURABILITY INDEX TESTS TO THE TRANSPORT PROPERTIES OF 
CONCRETE 
The results of some of the durability tests that have been developed have been 
specifically related to the transport properties of concrete. These are the 
following: 
• The Initial Surface Absorption Test (ISAT) determines the rate of water 
absorption into concrete, and the Figg test measures the air permeability of 
concrete. 
• In Kelham's sorptivity test the square root of the measured sorptivity is 
directly related to the intrinsic permeability as well as the capillary forces, 
and inversely related to the effective porosity of the concrete. This same 
relationship is used in the simplified version of the test that was developed 
by Ballim, in South Africa. 
• In Streicher's chloride conductivity test the measured conductivity is related 
to the diffusibility ratio and thus the chlorid  diffusion of the concrete. 
TABLE 3: DURABILITY INDEX TESTS AND THEIR RELATED FACTORS (PER LITERATURE) 
(Adapted from Bouwer6) 
TEST DURABll..ITY RELATED FACTORS 
SITE PRACTICES DESIGN CRITERIA 
Adequacy Curing Cement Water! Aggregate Concrete 
Of Type Binder Size Grade 
Compaction Ratio 
ISAT x x x x x 
Ballim's oxygen x x x x x 
Permeability test 
Ballim's water x x x x 
sorptivity 
Test 
Streicher's chloride x x x 
Conductivity test 
Autoc1am test x x 
Figg's version ofISAT x 
Absorption test ASTM x x 
C642 
Water permeability test x x 
DIN 1048 
Chloride permeability x x 
Test AASHTO T277 
Kelham's water x x 
Absorption test 
CAT x x 
2.9.5 PREDICTING THE SERVICE PERFORMANCE OF CONCRETE 
Since one of the main aims of the durability index approach is to predict the long-











environment, researchers have also started to try to relate the durability indexes to 
some of the long-term characteristics of concrete, in particular deterioration 
mechanisms. Although the data is still sparse, there are indications of the 
usefulness of the tests in this respect. 
Relationships have been shown to exist between the ISAT test and different 
deterioration mechanisms such as freeze-thaw effects, carbonation depth, and 
chloride diffusion and abrasion depth. The South African water sorptivity test 
results of laboratory concrete have also shown good correlation with carbonation. 
A lot more research will still have to be done in this respect before the durability 
index tests can be put to proper use. 




A lot of research work has been undertaken on the durability index testing of 
concrete, however there remain many problems to be resolved prior to the 
acceptance of the approach as an accepted standard. According to European 
researchers this approach was not included in the latest European Standard for 
Concrete, the EN206, since it was believed more work is required to clarify some 
issues, particularly acceptance limits. Researchers in the field have also indicated 
that most of the information from tests on durability related aspect of concrete is 
fragmented and a lot of work is required to synthesize the data. 
IMPLEMENTATION OF DURABILITY INDEX TESTS IN SOUTH 
AFRICAN PRACTICE 
A NEW PROPOSED SPECIFICATION 
South African researchers in the field of concrete durability have indicated that 
current practice in ensuring the production of durable structures is too haphazard 
to guarantee the achievement of design life of concrete structures. They further 
point out that the existing cube compressive strength is insufficiently sensitive to 
establish if the in-situ concrete has been properly constituted, placed, compacted 
and cured. They thus stress the need for an in-situ test to measure durability 
related material properties of the concrete as well as implementing these tests into 
contract specifications. 
DURABILITY INDEX TESTS FOR SOUTH AFRICA 
It is well accepted by South African researchers that due to the complex nature of 
concrete deterioration, no single durability test will satisfactorily measure the 
potential durability of all concrete applications. Therefore defining the durability 
of concrete by measuring only one material property may be misleading if that 
property is not sensitive to other forms of deterioration which might take place. 
For this reason, three durability index tests have developed and refmed by South 
African researchers during the past five to ten years for the purpose of 
implementation in practice for the assessment and control of concrete durability, 
as follows: 
• Ballim water sorptivity test; 











• Streicher chloride conductivity test. 
The three tests have been chosen for implementation in practice, since each is a 
measure of a different transport property of the cover layer of the concrete, 
namely the permeability of the concrete, the absorptivity and the rate of ionic 
diffusion of the concrete. 
2.10.2.1 The Water Sorptivity Test 
The water sorptivity test measures the rate at which water is absorbed into a 
concrete sample through absorption. The lower the water sorptivity index, the 
better is the potential durability of the concrete. 
It has been shown that absorption rates of concrete reduced with increasing grade 
of concrete and the extent of active moist curing. Wet curing and moist curing 
produced similar results while dry cured concrete exhibit significantly higher 
sorptivity values. The sorptivity test essentially measures a surface phenomenon 
and should therefore be sensitive to early age drying effects, which affect the 
microstructural porosity gradient in the concrete, making the test useful in 
assessing curing efficiency. 
Table 4 shows the suggested range for durability classification using the index 
values, developed in a decade of research in South Africa. 
TABLE 4: SUGGESTED RANGES FOR DURABILITY CLASSIFICATION USING INDEX 
VALUES. 
DURABILITY 
OXYGEN WATER CHLORIDE 
PERMEABILITY SORPTIVITY CONDUCTIVITY 
CLASS 
INDEX INDEX (mmlv'hr) INDEX (mS/em) 
EXCELLENT >10 <6 < 0,75 
GOOD 9,5 - 10 6-10 0,75 - 1,50 
POOR 9,0-9,5 10-15 1,50 -2,50 
VERY POOR <9,0 > 15 >2,50 
It was found that OPC concretes have higher sorptivity values than either FA or 
GGBS concretes when moist or wet-cured, showing the advantages that cement 
extenders can give when correctly treated. Dry cured concretes showed the 
opposite trend with FA and GGBS concretes having higher sorptivities than OPC 
concrete. The benefits of using cement extenders can therefore be lost if poorly 
treated on-site. 
2.10.2.2 The Oxygen Permeability Test 
The oxygen permeability test involves a falling head penneameter that measures 
the oxygen penneability index of concrete. The coefficient of permeability is 
determined from the slope of the line produced when the log of the ratio of initial 
pressure to decaying pressure is plotted against time. 
The test measures the gas permeability of the concrete and the oxygen 
penneability indexes are on a log scale and range from 8 to 11, i.e. three orders of 











Recent research indicated that the oxygen permeability indexes increased, the 
permeability therefore reducing, with increasing grade of concrete and extent of 
active moist curing. FA and GGBS concretes were shown to be less permeable 
than OPC concretes when well cured but were more permeable than OPC concrete 
when dry cured. Oxygen permeability indexes are shown to be more dependent 
on the amount and continuity of larger pores in the concrete where most of the 
flow will occur and which is likely to have been caused by poor compaction or 
bleeding. The test is further shown to be less sensitive to the finer capillaries and 
did not reflect the inherently fines pore structure which is characteristic to FA and 
GGBS concretes. Another study showed that the oxygen pemeabilities of lower 
strength concretes were much more sensitive to the duration of wet-curing than 
higher strength concretes. 
2.10.2.3 The Chloride Conductivity Test 
2.10.3 
Chloride diffusion through concrete is the main process by which chlorides enter 
into concrete in the marine environment. Fairly recently a rapid chloride 
conductivity test has been developed at the University of Cape Town in which 
virtually all ionic flux occurs by the process of conductivity due to a 10 V 
potential difference. 
In the chloride conductivity test, chloride ions move through all pores of sufficient 
size, without favoring the larger pores as with the permeation process. The 
movement is due to the existence of an electrical potential difference between the 
two faces of the sample. The chloride conduction test therefore provides a good 
indication of the overall diffusivity of the material, the test being sensitive to 
changes in the pore structure and concrete chemistry, which might appear to be 
insignificant when using the permeation process. Furthermore chloride 
conductivity was found to be extremely sensitive to pore structure changes caused 
by varying amounts of curing and by using different types of concrete. The lower 
the index, the lower is the diffusibility of the concrete and the better the potential 
durability of the concrete. 
A study showed that 28-day chloride conductivity indexes reduced with 
increasing concrete grade, but were more affected by the extent of curing and the 
type of cement. When properly cured, the addition of FA or GGBS has the effect 
of refining the pore structure chemistry of the concrete and the chloride 
conductivity test has been found to be extremely sensitive to such changes. 
THE IMPLEMENTATION OF THE DURABILITY INDEX TESTS IN PRACTICE 
The intended purposes of the three tests on construction sites in South Africa are 
the following: 
• to be used as a construction specification in which limits to the index values 
at 28 days are specified in order to control the quality of the surface layer of 
the concrete; 
• to assess the quality of construction; 
• as a basis of payment; and 












The chosen tests have been developed and proved in the laboratory, but have not 
been perfonned on actual structures to any great degree. The three tests need to 
be evaluated for practical applications on actual structures. This evaluation 
process would establish the following: 
• the influence of construction methods, design parameters and environment 
on the index values; 
• detennine whether the index tests are in fact realistic and executable in 
practice; 
• provide standardized parameters for sampling rate, compliance criteria and 
the method statements of the testing procedure; 
• start generating a database from which to draw up perfonnance based 
specifications for constructing durable concrete structures; and 
• set up a systematic system of working and data generation to ensure the 
continuation of the project so that the index values could be used for 
predictive purposes. 
2.11 CONCLUDING REMARKS TO SECTION 1 
This author concludes that Bouwer's review of the literature was both accurate and 
articulate. She presented a detailed review of the available literature with a strong 
theoretical leaning. In the writer's opinion, one of the shortcomings of the review was 
that it did not present a background or history of the index approach in South Africa 
and did not clearly summarize the findings of a number of years of research in this 
field (in a South African context). 
The writer's own review thus endeavors to expand these areas of the field and has a far 
more practical leaning, given the nature of the project. 





This additional review prepared by the writer begins by outlining the history of 
the Durability Index Approach in South Africa and an assessment of the current 
status of the project. Following this, new literature is discussed highlighting new 
infonnation in addition to the summary prepared in Section 1. 
mSTORY OF THE DURABILITY INDEX APPROACH IN SOUTH 
AFRICA 
BACKGROUND 
According to Ballim et af, the durability research programme in South Africa was 
launched in 1990 at the University of the Witwatersrand. Prior research activity 
in South Africa had been undertaken by the NBRI (National Building Research 
Institute), now the Division of Building Technology (DBT) of the CSIR (Council 
for Scientific and Industrial Research). Their research effort focused on 
developing an understanding of the durability of concrete in broad tenns with the 














The above developed into a general Research Programme in Concrete Materials 
with emphasis on issues of durability and deterioration of concrete. The 
programme was initially sponsored by the FRD (Foundation for Research 
Development), the cement industry and LTA Construction. The movement of 
Prof. Alexander from the University of the Witwatersrand to the University of 
Cape Town not only increased the base of students and facilities available to the 
programme, but also added a new thrust to the programme in terms of marine 
concrete degradation. 
DEVELOPMENTS IN THE PROGRAMME OVER THE LAST DECADE 
The most significant product of the programme was the development of three 
Durability Index Tests viz. Oxygen Permeability, Water Sorptivity and Chloride 
Conductivity tests. These tests measure the fluid transport properties of the 
covercrete with the aim of assessing the quality of the covercrete, which in turn 
indicates the ability of the concrete to resist the movement of fluids into the 
concrete. 
The development of these tests allowed the assessment of the influence of a range 
of factors, reflecting the concrete mix and construction practice, on the potential 
durability of concrete. At the same time, efforts were directed at developing 
correlations between early age index results and long-term durability performance 
of concrete7• 
Currently at least five commercial organizations in South Africa own and operate 
the equipment necessary to determine the durability indexes of concrete. In 
addition to this owners of large concrete infrastructure have showed interest in the 
project as also a number of concrete practitioners. At least two large owners of 
concrete infrastructure have specified the use of durability index tests to ensure 
compliance with a minimum standard7• 
CURRENT STATUS OF PROGRAMME 
The programme has moved to the level where the use of the Durability Index 
approach requires practical site-based work to determine not only the success of 
the test but also to make recommendations regarding practical implications in 
achieving durable concrete7• One of the ultimate aims of this programme is to 
provide a revised performance-based South African durability specification 
together with practical guidelines on how to achieve durable concrete in various 
environments 7• This aim or shift in focus gave direct rise to the study described in 
more detail in section 2.18 below. 
SOME THOUGHTS ON FuTURE STRATEGIC DIRECTIONS 
There are six main areas of strategic direction, or thrusts, relating to this 
programme, according to Ballim et al7• 
1. Service Life Modeling and Prediction: 
Based on the test results and understanding developed, provide a comprehensive 











2. Minimum Standards for Durability: 
There exists a need to quantify the minimum acceptable standards to ensure 
durable concrete in South Africa. 
3. Durability Monitoring: 
There exists also a need to develop equipment, procedures and facilities which 
will allow owners of concrete structures to monitor the rate of deterioration of 
their structures. 
4. Repair and Rehabilitation: 
There is a need to better understand the procedures, materials and processes 
currently used in concrete repair. 
5. Drafting of Specification to Achieve Durable Concrete Construction: 
The research data must be translated into practical specifications to ensure 
construction practices that culminate in durable structures. 
6. Investigate New Concrete Materials in South African Context: 
The tools developed in this programme can be used to evaluate the new materials 
entering the concrete industry and their influence on durability of concrete. 
2.14 CHARACTERIZING THE EFFECT OF THE ENVIRONMENT ON 




Hoff indicated that the effect of the environment is pivotal in the durability of 
concrete, and that currently little or no information exists in relating to the rate of 
degradation of a concrete member subject to a particular environment. He further 
indicated that codes of practice offer little guidance in this respect and tend to 
group or generalize exposure environments. Slater and Sharp9 reinforced these 
opinions and indicated that this· lack of knowledge was a fundamental 
shortcoming, requiring urgent attention. While these comments relate to the 
broader exposure environment (marine or other), the same is true for 
environmental (climatic) influences. Little or no quantitative information is 
available on the degradation of concrete in various conditions of ambient 
temperature, precipitation and relative humidity. Based on the above observations 
the writer realized the need to develop a system where the effect of the various 
environmental influences (precipitation, temperature and relative humidity), 
experienced by the test elements, could be classified in order to compare them. 
This project was undertaken on-site over a period of four seasons and the test 
elements were subjected to variations in climatic environment. 
In a recent study undertaken by Griesel10, the effects of environmental conditions 
on the durability index values were quantified. His work was pivotal to this 
project, in that it facilitated the raw data to develop a broad environmental 
characterization system as set out in Chapter 4 of this dissertation. The section 
below highlights the key findings of Griesel's study. 
TEMPERATURE 
GriesellO used three grades of OPC (supplied by PPC) concrete (20, 40 and 60 
MPa), wet-cured for 1, 3, 7 and 28 days, and exposed to variations in temperature 
and relative humidity. He found that temperature significantly influenced the 
potential durability of concrete as measured by the index tests. He proposed that 













of the cement, as well as the rate of evaporation. These two effects are constantly 
in competition and elevated temperatures could either improve or impair the 
potential durability of the concrete. The importance of proper curing was 
accentuated as discussed in 2.14.4 below. 
GriesellO found that inadequately cured concretes (1 day of wet curing) lost their 
moisture rapidly at a temperature of 35°C and performed very poorly, while well-
cured concretes appeared to benefit from the accelerated rates of hydration at this 
temperature. 
RELATIVE HUMIDITY 
GriesellO found that above 80% RH, the rate of evaporation slows down 
significantly and results in good durability as indicated by the data in Table 5. 
Once again the importance of proper curing was accentuated as discussed in 
2.14.4 below. 
Griesel indicated that well-cured concretes were insensitive to changes in relative 
humidity, while poorly cured concretes exhibited a marked improvement In 
durability properties with increase in relative humidity from 66% to 82%. 
CURING OR PRECIPITATION 
Tables 5 indicates the durability index results for 20 and 40 MPa concretes wet-
cured for various lengths exposed to variation in temperature and a constant 
relative humidity (50% R.H). 
TABLE 5: THE INFLUENCE OF RELATIVE HUMIDITY ON THE DURABILITY INDEXES 




CL WS OPI 
WET CURING 
(mS/cm) (mml-Vh) (-log k) (DAYS) 
1 2,10 10,55 9,65 
~ 3 1,93 9,60 9,91 ~ 
~ 7 1,82 8,80 10,05 28 1,77 8,70 10,07 
1 2,07 10,55 9,67 
~ 3 1,90 9,40 9,92 Ie 
Ie 
~ 7 1,81 8,80 10,06 28 1,77 8,70 10,07 
1 2,03 8,90 9,69 
~ 3 1,88 8,80 9,93 N oc 
~ 7 1,79 8,75 10,07 28 1,77 8,70 10,07 
From Table 5 the dramatic effect of curing is evident over the range of 
temperatures. Notice the substantial increase in durability properties when 
comparing 1 day and 3 days of wet curing. One of Griesel's conclusions was that 














TABLE 6: THE INFLUENCE OF TEMPERATURE ON THE DURABILITY INDEXES OF 20 
AND 40 MPA CONCRETES (ATRH OF 50%), WET-CURED FOR 1,3, 7 AND 28 DAYS 
(FROM GRIESEL 10.) 
20MPa 40MPa 
PERIOD 
OF WET CL WS OPI CL WS OPI 
CURING (mS/cm) (mml...Jh) (-log k) (mS/cm) (mml...Jh) (-log k) 
(DAYS) 
U 
1 3,5 15,6 8,9 2,10 10,40 9,60 
0 3 3,0 12,9 9,2 1,90 9,80 9,90 0'1 
...-I 7 2,8 11,6 9,4 1,80 8,80 10,10 II 
~ 28 2,6 10,8 9,4 1,77 8,70 10,07 
1 3,2 16,0 9,0 2,20 10,40 9,90 
u 
3 2,8 12,0 9,2 2,00 9,20 10,10 0 QC 
N 7 2,6 10,9 9,5 1,80 8,70 10,20 II 
~ 28 2,6 10,8 9,4 1,77 8,70 10,07 
U 
1 4,3 22,2 8,5 2,20 13,20 9,40 
0 3 3,0 14,4 9,3 1,81 9,80 9,50 11'1 
i 7 2,5 12,2 9,5 1,62 8,70 9,60 
~ 28 2,6 10,8 9,4 1,77 8,70 10,07 
Without the data developed by Griesel it would have been impossible to develop 
the broad characterization system as set out in chapter 4 of this dissertation. Up to 
that stage no model existed which showed the relationship between the 
environmental factors and the durability indexes. This also highlights the benefit 
of a centralized research programme currently undertaken by the University of 
Cape Town and the University of the Witwatersrand. 
WHY DURABLE CONCRETE IS NOT BEING ACHIEVED ON A 
GLOBAL SCALE 
COVER 
A discussion document published by the Concrete Society in 199611 ascribes 
failure to achieve the specified cover as the greatest single factor influencing the 
premature corrosion of reinforcement. It further indicated that broadly the 
protective capacity of any given concrete is proportional to the square of the 
cover. 
This document11 also goes to great lengths to explain that current practice 
regarding specification of a single minimum cover is not practical, and measured 
cover after casting reveals a Gaussian distribution about the specified minimum 
cover. Sharp12 also raised this issue indicating that to specify a minimum cover 
lulls designers into a false sense of security, for the same reason as above. Both 
of the above references11,12 propose the following amendments to the cover 
specification: 
• Nominal cover - assumed as mean cover, specified on 












• Characteristic minimum cover - cover represented by the 
5th percentile of population, used for durability design. 
• Characteristic maximum cover - cover represented by the 
95th percentile of population. 
• Lowest cover - value below which no individual values are 
to fall. 
Harrison 13 reports that a substantial research project conducted by the University 
of Binningham measured cover achieved on 25 construction sites and identified 
the causes of non-conformance with cover as follows: 
• Unbuildable designs and detailing. 
• Poor workmanship. 
• Poor communication and co-ordination. 
In a paper14 describing the design and construction of concrete elements of the 
"New South Railway" Project in Sydney, Australia, in order to achieve a design 
life of 100 years, it is noted that the specification and control of adequate cover to 
all surfaces was one of the key "limits" or "tools" used to reach the objective. A 
similar trend is noted for the construction of the concrete infrastructure for the 
"Oresund Link", connecting Denmark to Sweden15. Covers of 75 mm were 
specified on the external surfaces of the bridge structure with a design life of 100 
years. 
CURING 
In an extensive appraisal of curing in the UK16 undertaken by CIRIA in 1973, it 
was established that a wide range of opinions exists regarding the practicability of 
curing and there is large disparity between curing specifications and the way they 
are interpreted. The authors also indicate that apart from shrinkage cracking in 
pavements, all of the surveyed completed concrete works in the UK exhibited no 
visible defects directly related to curing method or lack of curing. The writer's 
own opinion is, however, that this statement must be viewed within the context of 
the relatively benign environment experienced in the UK and not be extrapolated 
to conclude that curing has no visible benefit in all environments. 
The study16 further indicates that the popularity of spray-applied membranes 
prompted the initiation of a limited test to determine the moisture retention 
properties, the results of which revealed extensive variation in the efficiency of 
the curing method. The study did concede that there exists a fundamental lack of 
knowledge in terms of the ultimate long-term effects of curing and that future 
research needs to evaluate the long-term value of curing in-situ with respect to 
durability. 
In a more recent study by the same institution17 in the UK, an extensive review on 
available literature was prepared, and suggested research to evaluate the 
effectiveness of various curing methods on the production of durable concrete 
structure as follows: 
• Evaluation of measured values of surface properties required in 
full scale structures to indicate that concrete with adequate 
durability has been achieved for given cementitious material 











• Detailed evaluation of the test identified above as a potential 
practical method of assessing the effectiveness of curing on a 
range of performance criteria. 
• Economic evaluation to determine the most cost-effective 
method of producing durable concrete. 
The publicationl7 went further to indicate a range of performance criteria to be 
investigated in relation to issues as listed in Table 7 below. 
TABLE 7: PERFORMANCE CRITERIA TO BE INvESTIGATED, AND SPECIFIC ISSUES 
REQUIRING ATTENTION (From CIRIA Report 4917.) 
DURABILITY RESEARCH ISSUES 
CRITERIA 
Freeze Thaw Effect of curing unclear from published research and 
Resistance further work is required to establish the influence of 
practical on-site curing on this property. 
Carbonation Curing shown to be beneficial, however optimal regime 
needs to be identified and the influence of the 
environment conditions evaluated. 
Chloride Penetration A critical performance criterion for which the effect of 
curing is unclear from published research. Priority 
research programme required determining the influence 
of different curing regimes on a range of concrete 
mixes, under different environmental conditions. 
Alkali-Silica No published research on the effect of on-site-curing. 
Reaction From a theoretical standpoint the effect is likely to be 
small thus appears to be a low priority item for future 
research. 
Sulphate resistance Air exposure at early age is known to be beneficial. 
Further research work is required to confirm the 
optimum regime for the treatment of concrete expose to 
sulphate attack, particularly in relation to other 
durability properties. 
Abrasion resistance Curing known to be beneficial. Optimal regime needs 
to be identified and the benefits of curing assessed in 
relation to the influence of other factors such as surface 
finish. 
Plastic shrinkage Curing known to be beneficial. Optimum or minimum 
to prevent plastic shrinkage cracking needs to be 
confirmed. 
Structural Curing is unlikely to have a. significant effect for a 
performance majority of components and further research only 
required in relation to the its influence on the structural 
performance of thin highly stressed members. 
It is clear from the above publications that the influence of site-curing on concrete 
durability is not well established, notwithstandin~ the beneficial effect of wet 
curing as indicated by GriesellO and Mackechnie I. This is one of the primary 
focuses of this study and it is hoped that clear guidance will emerge on the 













CURRENT CODES OF PRACTICE 
As highlighted in the previous section of this chapter the South African concrete 
code presents real deficiencies in terms of a durability specification for concrete. 
Collins and Grace19 indicate in a recent pUblication that the Australian concrete 
code exhibits shortcomings in that it does not require the designer to specify a 
design life for a structure. They19 indicate that BS 7543 "Durability of buildings, 
building elements and components" and also "Principal guide for service life 
planning of buildings" released by the Architectural Institute of Japan have moved 
towards clear definition of the design life. Cao et al 20 indicate that the code offers 
no suggestions should a design life exceeding 40-60 years be required. They 
further indicate that by using Fick's second law of diffusion calibrated with locally 
generated data, concretes subject to marine exposure conditions designed to the 
current Australian concrete code will not meet the 40-60 year design service life, 
unless a suitable binder is selected. 
Other researchers21 also point out that the code offers no indication of the 
derivation of the thickness and class of covercrete, with respect to design life. 
The same researchers also indicate that the lack of long-term chloride penetration 
data makes design for an extended service life in marine environments somewhat 
difficu1t21 . 
Collins and Grace19, in a paper on design and construction of oil drilling platforms 
in the Bass Strait in the Tasmanian Sea, explain how the designers developed a 
computer model calibrated on a reinforced concrete structure in Hong Kong, to 
predict chloride ingress into the concrete and thus develop concrete able to meet a 
30 year design life. Interestingly a quaternary blend of 50% portland cement, 
35% GGBS, 10% FA and 5% CSF was used for the construction of the structures. 
Hoff 8 supports the view taken by Collins and Grace19 that a performance life 
requirement should be set out for every structure, regardless of uncertainties etc. 
He further indicates that firmer guidance on defining the environment in which 
the concrete is used is necessary and will require substantial expansion of the 
current standards, which are very generalized and consider only simple 
environment scenarios. 
Hoff 8 further proposes that the performance criteria of concrete must focus on the 
transport properties of the concrete, and in the current "vacuum", code writers 
should adopt the following approach: 
• minimum binder content of 400kglm3 
• maximum waterlbinder ratios of 0,38 
• prohibitions on the use of GGBS, FA and CSF are not acceptable 
OTHER 
Hoff! further indicated that there exists a perception among clients and owners 
that the initial capital cost of this "high performance" concrete is unjustified. He 
goes on to add that this perception can easily be overcome by lifecycle costing, 
comparing the initial capital outlay with the subsequent repair cost. He draws an 
analogy to a long running television commercial in the U.S. promoting the sale of 














can pay me now or you can pay me later!" The inference was that if you paid a 
little more for the oil filter you used in your automobile, you wouldn't have to pay 
for costly repairs in the future. The same is true for concrete. 
In a recently published paper Harrison22 is of the opinion that in most cases the 
premature degradation of concrete could have been prevented by the application 
of existing knowledge. He bases this premise on his experience that poor design, 
detailing, workmanship and lack of communication cause premature degradation 
of concrete. Hoff 8 quotes Bryant Mather, world-renowned expert on concrete 
durability, as often stating that the only reasons concrete should deteriorate are 
ignorance, stupidity or fraud. While there exists no illusion about the prevalence 
of poor practice relating to design, detailing and workmanship, the current codes 
of practice are clearly deficient in assisting with respect to designing durable 
structures. 
PERFORMANCE SPECIFICATIONS AS A MEANS OF 
ACIDEVING DURABLE CONCRETE 
PROGRESS 
Sharpl2 indicated in a paper published in 1996, that a great deal of work is 
required before coastal structures can be specified by performance. At about the 
same time Harrison23 indicated that tentative performance criteria for concrete to 
resist carbonation induced corrosion were proposed by CEN but had not yet 
proven to be suitable for specification purposes. More recently, Slater> indicated 
that a large amount of work is currently underway on developing strategies for a 
durability specification for structures exposed to chlorides, particularly marine 
structures. 
PROBLEMS 
In a recent detailed investigation24 into the use of the permeability of concrete as a 
criterion to assess its durability, it was shown that the results depend on the 
preconditioning, and hence the need for a standard procedure for preconditioning. 
It was also shown that results are very sensitive to test procedure (particularly the 
water content of the specimen). Dhir et al25 indicate that existing preconditioning 
techni~ues for permeation testing are unsuitable for in-situ compliance testing. 
Sharpl indicated that, given the current situation regarding the availability of 
information on performance criteria and required service life of concrete 
structures, more information is required before owners and operators can use 
performance criteria to specify a minimum design service life. 
Kropp26 et al indicate that the current durability specifications are empirically 
based i.e. designers draw on experience with materials used under known 
exposure conditions. This approach not only counteracts technological progress 
but can at times be misleading. 
Harrison13 commented that a water penetration test was shown to exhibit a high 
degree of variability and provided no direct correlation with quality of concrete, 
with a the result that both the European Concrete Standard and British Standards 













in a prior pUblication23 that exposure classes that are suitable as a basis for 
perfonnance specification have been developed by CEN, however further 
refinement may be necessary. 
CORRELATION 
Kropp26 et al indicate that the perviousness of a concrete section can be expressed 
by transport coefficients for various media. However it is necessary to distinguish 
between different transport mechanisms such as diffusion, penneation and 
capillary suction and also different media such as ions, liquids or gasses. 
Depending on the type of corrosive agent, the relevant transport mechanisms 
include: 
• the diffusion of gas molecules such as O2 or CO2 or water vapour in the 
gaseous phase. 
• the diffusion of ions into the concrete pore solution. 
• the penneation of water or aqueous solutions under influence of a hydraulic 
pressure head. 
• the capillary suction of water or aqueous solutions. 
Studies have revealed26 that close correlation was shown to exist between the gas 
penneability of concrete and: 
• the rate of carbonation 
• depth of chloride penetration 
In a similar manner close correlation was shown to exist between the capillary 
suction of concrete and: 
• carbonation rate 
• chloride ion ingress 
These authors26 note, however, that extender materials interact with the chemical 
attack mechanisms and their behaviour cannot be explained by transport 
properties alone. 
Dhir et al25 indicated that concrete durability can be classified in tenns of initial 
surface absorption but allowance must be made for binder type when the aspect of 
durability considered is other than purely physical. Harrison23 commented that 
freeze/thaw tests have the potential to fonn the basis for perfonnance testing. 
PROPOSED TESTS 
In a recent detailed investigation24 into the use of the penneability of concrete as a 
criterion to assess its durability the results supported the Cembureau gas 
penneability method and modified Fagerlund method for testing capillary 
absorption of water as routine test methods. Dhir et al25 proposed the ISAT -10 to 
be the most suitable test for reasons of economy, r~eatabi1ity and definition of 
test methodology in the British Standards. Harrison2 indicated that perfonnance 
requirements for the chloride exposure are less developed. 
Sirivivatnanon et al21 indicate that the lack of long-tenn chloride penetration data 
in the Australian concrete code, makes design for extended service life difficult. 
However using Fick's second law together with a one-year laboratory detennined 














penetration model for three various binders over a range of compression strengths. 
By relating the penetration profile of the tested concretes to compressive strength, 
they were able to achieve a good correlation and use the bulk property test as a 
durability quality indicator. They found that the binder type had a significant 
influence on the required cover to reach a set design life. This indicates the lack 
of a rapid, easy test to measure chloride penetration in the Australian context. 
THE WAY AHEAD 
Sharpl2 proposes that in the current "vacuum", the most obvious, easy positive 
step is to increase the specified cover and take cognizance of the idea that cover 
follows a normal Gaussian distribution and specify accordingly. Kropp26 et al 
realize that there exists an urgent need to harmonise the various researches 
undertaken, and the various test methods and that further research work should 
focus on the effect of: 
• critical evaluation of the various test methods 
• concrete grades 
• various binder types 
• various attack mechanisms 
Harrison 13 reports that CEN have approached RILEM to develop suitable test 
methods for chloride penetration and a report is awaited in this regard. 
He27 also proposes that the use of durability performance tests will evolve from 
research, through technical approvals, to the basis by which directly specified 
performance requirements are assessed. He further indicates that the industry is 
only likely to support standardisation of durability performance requirements if all 
the stages of evolution have been successfully completed. Hoff agrees with 
Harrisonl3 in this respect and points out that the process of integrating durability 
design into the structural design process will meet least resistance if the 
requirements are initially included in the national codes. Slater et al9 indicates 
that the current durability specifications need to be critically assessed in the light 
of prevalent exposure conditions and that the key to assessing performance lies in 
data from real structures. 
A DECADE OF DURABILITY INDEX TESTING IN SOUTH 
AFRICA 
INTRODUCTION 
Mackechnie18 recently presented a summary of a decade of durability index test 
results (oxygen permeability, water sorptivity and chloride conductivity) 
highlighting some clear trends. While he indicated that simple analysis of the data 
was not possible given the number of variables a graphical representation of the 
data indicated some clear trends. The concretes tested during this period included 
material from all the major urban centres in South Africa but with particular 













EFFECT OF WATER/BINDER RATIO AND CURING 
Mackechnie18 re-iterates that the index tests were intended to be sensitive to 
material, processing and environmental factors affecting concrete. Two of the 
most important factors are waterlbinder ratio and initial curing of concrete. 
Figure 1 shows typical oxygen permeability index results recorded at 28 days for 
portland cement concrete for both wet and dry curing. "Wet" refers to continuous 
wet curing of concrete for 28 days while "dry" refers to no active moist curing and 
laboratory exposure until testing (generally 23 °c and 60% R.H.). 
Mackechnie 18 also noted a pronounced sensitivity to curing and waterlbinder ratio 
for oxygen permeability index results for FA and GGBS concretes as indicated in 
Figure 3 below. This is ascribed to the sensitivity of these materials to poor 
curing due to their slower strength development. This trend is repeated for water 
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FIGURE 1: XYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS FOR PC CONCRETES 
(Adapted from Mackechnii8). 
EFFECT OF BINDER TYPE 
It was further pointed out by Mackechnie18 that one of the primary aims of local 
research was to characterise the performance of new binder systems for concrete. 
The most common binder combinations used in South Africa are denoted PC 
(100% Portland cement), FA (30% fly ash), GGBS (50% slag) and CSF (10% 
condensed silica fume). Figure 3 clearly indicates that GGBS concretes 
consistently produce poorer oxygen permeability results, while FA and CSF 
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Water Sorptivity vs WaterIBinder Ratio 
@ 28 days for FA and GGBS Concretes 
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FIGURE 2: WATER ORPTIVITY RESULTS AT 28 DAYS FOR FA AND GGBS CONCRETES 
(Adapted from Mackechnie1B). 
Figure 3 shows general trend lines of oxygen penneability index test results for 
wet-cured concrete at 28 days. 
Oxygen Permeability Index vs WaterIBinder Ratio 
@ 28 days for PC, FA, GGBS and CSF Concretes 
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FIGURE 3: OXYGEN PERMEABILITY RESULTS AT 28 DAYS FOR WET-CURED PC FA 













MackechnieL8 further indicates that the chloride conductivity test was found to be 
sensitive to the binder type used. PC concrete exhibited consistently higher 
values across all waterlbinder ratios whereas GGBS concrete had significantly 
lower chloride conductivity, particularly when well cured. Figure 4 shows 
chloride conductivity results for PC and GGBS concrete measured at 28 days after 
wet curing. 
Chloride Conductivity vs Water/Binder Ratio 
@ 28 days for PC and GGBS Concretes 
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FIGURE 4: CHLORIDE CONDUCTIVITY AT 28 DAYS FOR WET-CURED PC AND GGBS 
CONCRETES (Adapted from Mackechnie18). 
EFFECT OF AGGREGATE COMBINATIONS 
Mackechnie18 also showed that the durability indexes exhibited sensitivity to types 
of fine and course aggregate combinations used in the production of concrete. 
Figures 5 to 7 indicate this trend clearly. "Good" refers to combinations of high 
quality aggregates (e.g. dolerite/andesite crushed stone with dolomitic sands) 
while "poor" refers to low quality aggregates (e.g. crushed greywacke with poorly 
graded dune or pit sands). 
OTHER EFFECTS 
Mackechnie18 also showed that the durability indexes exhibited sensitivity to 
operator precision. This was highlighted by variations in results obtained from 
two studies undertaken in the same laboratories over two varied time periods, 
using essentially the same concrete materials and conditions. Given that the tests 
are now better specified and the procedure is more streamlined, he18 indicates that 
some of the discrepancies should now have reduced. Clearly a definitive study is 
required to assess the multi-laboratory precision of the tests. Mackechnie18 also 
reports that this has not been undertaken to date (2001), although such an exercise 
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FIGURE 5: XYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS FOR WET-CURED 
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FIGURE 6: WATER ORPTIVITY RESULTS AT 28 DAYS FOR WET-CURED PC 













Chloride Conductivit vs WaterIBinder Ratio 
@ 28 days PC Concrete 
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FIGURE 7: HLORIDE CONDUCTIVITY RESULTS AT 28 DAYS FOR WET-CURED PC 
CONCRETE, SHOWING INFLUENCE OF DIFFERENT AGGREGATES (Adapted from 
Mackechnie18). 
CONCLUSIONS 
Mackechnie18 concluded that the research showed that the durability indexes 
exhibited sensitivity to various factors which affect concrete quality and thus 
durability. The oxygen permeability index and water sorptivity tests are well 
suited to evaluating site practices, whereas the chloride conductivity test is more 
suitable for material optimisation. 
It was thus suggested that the chloride conductivity test should be reserved for 
laboratory trials to determine optimal material combinations to ensure concretes 
resistant to chloride ingress. Mackechnie18 further concluded that achieving 
durability index values as set out by some performance specification is possible 
using good material selection, optimisation and ensuring good construction 
practice. The converse is also true in that poor or indifferent materials selection, 
optimisation and site practices can yield extremely poor durability index values. 
Bouwet made similar observations in her study with the following statement, "In 
general, poor correlation was found between the indexes of the wet-cured cubes 
and of actual structures, revealing that even with good combinations of high 
quality mix constituents, poor quality can result on-site due to indifferent 
construction practices. Nevertheless, with due care, site indexes can equal or even 















THE CONTEXT OF TIDS PROJECT 
AIMS OF PROJECT 
The aims of this project are to produce, cure and manufacture concretes, from 
locally available materials, under site conditions, and examine their durability 
performance. In the material selection process, then current (1997) South African 
research findings (from the research programme as discussed in 2.13 above) were 
applied. While considerable care and attention has been taken to ensuring good 
construction practice, at the same time the project endeavors to remain relevant to 
current practice on construction sites in South Africa. In other words care has 
been taken to ensure that the study is representative of current South African site 
practice, particularly with respect to selection of curing methods. This does not 
infer that poor construction practice was used, but rather that the focus was on 
achievable, practical implementation. 
By then using the durability index tests to measure potential durability (control) 
and achieved durability (site-curing methods) it would be possible to evaluate the 
validity of the laboratory findings in a practical site situation. It would also be 
possible to ascertain if the durability index tests were valid in a practical site 
situation and also the effectiveness of various site-curing methods utilized. 
OBJECTIVES OF PROJECT 
• To broadly comment on the validity of the durability index tests when used 
in a real site situation; 
• To determine the relative effectiveness of various site-curing methods in 
terms of producing durable concrete; 
• To provide test elements to add to a database of results and also to expand 
our current understanding of mechanisms and measures to ensure durable 
concrete; and 
• To make recommendations as to further work required in moving closer to 
the ultimate goal of developing a durability specification. 
LAYOUT OF THESIS 
Chapter 3 discusses the experimental details of the project, outlining the location 
of the test sites and the experimental procedures used. At the outset of the project 
is was decided to use the testing facilities at the University of Cape Town, and not 
to establish a laboratory on-site. Thus the University staff and not the writer 
undertook the various test. The use of core and cube compressive strength was 
used to perform a quality control function only, and it is outside of the scope of 
this proj ect to investigate the factors that influence the strength development. 
This chapter also sets out a section detailing the statistical analysis of the data to 
establish the presence of outliers. 
Chapter 4 sets out a characterisation framework used to quantify the various 
environmental effects on the various site cured concrete elements. This is crucial 
to this project given that it was undertaken in an uncontrolled environment. 
Chapters 5 to 7 discuss the various durability index results culminating in a 












3.1 LOCATION OF EXPERIMENTAL SITES 
The two test sites are located in the Port of East London at the mouth of the 
Buffalo River as shown on the 1: 10 000 locality plan in Appendix 1. Test Site 
No. 1 (slabs) is ~ 20 m from the high-water mark and can be characterised as 
being in a severe exposure site subjected to salt spray but no wave action. Test 
Site No.2 (walls) is ~ 2 km from the mouth of the river and can be considered to 
be less exposed. 
Test Site No.1 (slabs) has its East, South and West faces unobstructed while the 
North face is ~ 10m from a 1,8 m high precast concrete boundary fence. This 
might offer some shielding, however this is probably minimal. Test site No. 2 
(walls) has its North, South and Western faces exposed while the East face is ~ 50 
m from a 1,8 m high precast concrete fence. In this case it is plausible that this 
could have a shielding effect. The grass adjacent to the test site is also lush and 
given the height of the walls could also offer some degree of shielding. 
3.2 SITE WORK 
3.2.1 NUMBER AND TYPE OF TEST ELEMENTS 
The author was employed in the Port of East London as a Clerk of Works on an 
R80m project involving placing of ~ 270Om2 of mass concrete paving and various 
new buildings. The initial intention was to use two elements of the proj ect as a 
research test site viz. the mass concrete paving and reinforced concrete retaining 
wall (see Photographs 6 & 7 in Appendix 2). It was decided after due 
consideration to rather construct two individual test elements adjacent to or in the 
area of the originally anticipated structures. Given that the proj ect extended 
virtually a full year it was decided to cast four sets of slab elements each cured 
under various seasonal conditions. 
3.2.2 MIX DESIGNS AND BINDER TYPES 
At the outset of the project it was decided to use three extender blends, namely 
OPC/GGBS, OPCIF A and OPC/CSF for both the walls and slabs. For the slab 
series a target strength of 44 MPa was used based on a characteristic strength of 
35 MPa @ 28days, while for the walls a target strength of35 MPa was used based 
on a characteristic strength of 30 MPa @ 28days. During the implementation of 
the project the cement manufacture specification (SABS 471) changed in South 
Africa resulting in the unavailability of "OPC" cement. Thus CEM I was used in 
various of the test elements. Table 8 and 9 indicate the mix proportions for the 











TABLE 8: MIX PROPORTIONS FOR WALL SERIES 
MATERIAL DESCRIPTION WALLA WALLB WALLC 
Characteristic Compressive 
30 30 30 Strength @ 28 Days (MPa) 
Target Compressive Strength 
35 35 35 @ 28 Days (MPa) 
Target Slump (mm) 75 75 75 
WaterlBinder Ratio 0,50 0,50 0,57 
19mm Dolerite Crushed 
1230 1280 1200 
Aggregate (kg/m3) 
Dolerite Crusher Dust kg/m3) 458 460 483 
Pit Sand (kg/m3) 306 304 322 
Extender (kg/m3) 190 GGBS 105 FA 20CSF 
Cementitious Binder (kg/m3) 1900PC 2400PC 3200PC 
Water (mf 1m3) 190 180 195 
P 509 Plasticiser (mf 1m3) Nil Nil 1,120 
TABLE 9: MIx PROPORTIONS FOR SLAB SERIES 
MATERIAL DESCRIPTION 
SLAB A SLABB SLABC 
1&2 3&4 1&2 3&4 1&2 3&4 
Characteristic Compressive 
35 35 35 35 35 35 
Strength @ 28 Days (MPa) 
Target Compressive Strength 
44 44 44 44 44 44 
@ 28 Days (MPa) 
Design Target Slump (mm) 75 75 75 75 75 75 
WaterlBinder Ratio 0,46 0,46 0,47 0,47 0,54 0,54 
19mm Dolerite Crushed 
1230 1230 1280 1280 1200 1200 
Aggregate (kg/m3) 
Dolerite Crusher Dust kg/m3) 438 438 422 422 457 457 
Pit Sand (kg/m3) 292 292 281 281 305 305 
Extender (kg/m3) 209 209 115 115 24 24 
GGBS GGBS FA FA CSF CSF 
Cementitious Binder (kg/m3) 209 209 265 265 340 340 
OPC CEMI OPC CEMI OPC CEMI 
Water (mf 1m3) 190 190 180 180 195 195 
P 509 Plasticiser (m f 1m3) Nil nil nil nil 1,190 1,190 
Table 10 indicates the results of a physical chemical analysis of all the various 
binder materials used for production of concrete for this project, including both 
the OPC and CEM I materials. The reported fineness of the CEM I cement 
appears to be very high (very fine). Alpha Laboratories undertook the chemical 
analyses on cementitious material from site. In subsequent communications with 
the Alpha Laboratories they indicated that the mean fineness for the OPC cement 
for the period 01 May 1997 to 31 July 1997 was 414 kg/m2 with a minimum of 
367 and a maximum of 479 kg/m2. They also indicated that the mean fineness for 
CEM I cements for the period 01 August 1997 to 31 December 1997 was 379 
kg/m2 with a minimum of 358 kg/m2 and a maximum of 400 kg/m2. Clearly the 
fineness data for the OPC cement as presented in Table 10 below is questionable. 














which will effect the Blaine fineness detennination. Thus fineness will not be 
considered in further discussions in this document. 
TABLE 10: CHEMICAL ANALYSIS OF CEMENTITIOUS MATERIALS USED FOR 
PROJECT (AS REPORTED BY ALPHA GROUP CEMENT LABORATORY, JANUARY 1998) 
CHEMICAL ANALYSIS (%) 
CLINKER PORTLAND CEMENT EXTENDERS 
CONSTITUENTS OPC CEMI GGBS FA CSF 
CaO 64,58 66,21 32,66 4,83 0,68 
SiOz 20,95 21,44 38,47 51,00 86,41 
Alz03 3,73 3,71 14,15 33,36 1,93 
MgO 1,73 1,82 10,56 1,19 0,58 
TiOz 0,24 0,25 0,89 1,66 0,06 
Fez03 2,50 2,67 0,85 3,51 1,73 
MnZ03 1,04 0,96 1,03 0,03 0,11 
KzO 0,55 0,58 0,90 0,60 1,33 
NazOIf 0,00 0,00 0,03 0,08 0,13 
S03" 0,00 0,00 0,25 0,00 0,00 
CrZ03 0,03 0,03 0,02 0,09 0,05 
PZOSIf 0,09 0,08 0,01 0,35 0,11 
LOI* 3,70 1,70 0,15 1,30 4,20 
TOTAL 99,13 99,44 99,97 98,05 97,38 
Fineness 
(Blaine) 297 390 356 No result No result 
(kglm2) .. 
*LOI represents loss on Igmtion and IS the loss m mass caused by matenal 
vaporised during the heating of the sample. 
# Not accurate due to fused bead. 
CASTING DETAILS 
Wall Series 
For the wall series timber shutters were used, see Photographs 4 and 5 in 
Appendix 2 for a visual presentation of the wall series. 
The concrete was site batched using a portable 310 f.. mixer and the dry material 
proportions were determined by the use of a mass balance (see Photograph 9 in 
Appendix 2). The amount of water added was controlled by the use of a slump 
cone (see Photograph 10 in Appendix 2). The exposed surface of the concrete 
was struck-off using a wooden float. For details of casting dates and striking of 
formwork refer to Table 11. 
Slab Series 
In this case steel shutters were used (see Photograph 8 in Appendix 2), to cast 
panels. See Photographs 1,2 and 3 in Appendix 2 for a visual presentation of the 
slab series. The concrete production was as for the wall series. 
The surface of the slab was levelled using an aluminium "straightedge" and then 











hardened the surface was broomed using a builder's block brush. Finally the 
panel was split into four quadrants using a nosing tool (see Photographs 11 and 
12, Appendix 2). 
TABLE 11: CASTING AND CURING DETAILS FOR ALL TEST ELEMENTS 
CORING CORING STRIP CURING ApPLIED 
CURING 
CAST (lIt) (2nd) FORMS 
REMOVED 
C F H C F H 
WA 30-04-97 29-05-97 10-10-97 01-05-97 01-05 30-04 01-05 - 05-05 05-05 
WB 13-05-97 16-06-97 10-10-97 14-05-97 14-05 13-05 14-05 - 18-05 18-05 
WC 20-05-97 17-06-97 10-10-97 21-05-97 21-05 20-05 21-05 - 25-05 25-05 
C S H C S H 
SAl 07-05-97 07-06-97 22-10-97 08-05-97 07-05 07-05 07-05 - 11-05 11-05 
SAl 27-06-97 27-07-97 16-11-97 28-06-97 27-06 27-06 27-06 - 02-07 02-07 
SAJ 15-11-97 13-12-97 18-04-98 16-11-97 15-11 15-11 15-11 - 21-11 21-11 
SA4 12-12-97 11-01-98 19-04-98 13-12-97 12-12 12-12 12-12 - 17-12 17-12 
SBI 14-05-97 17-06-97 22-10-97 16-05-97 14-05 14-05 14-05 - 19-05 19-05 
SB2 28-06-97 27-07-97 16-11-97 29-06-97 28-06 28-06 28-06 - 03-07 03-07 
SB3 16-11-97 13-12-97 18-04-98 17-11-97 16-11 16-11 16-11 - 22-11 22-11 
SB4 13-12-97 11-01-98 19-04-98 15-12-97 13-12 13-12 13-12 - 18-12 18-12 
SCI 16-05-97 17-06-97 22-10-97 21-05-97 16-05 16-05 16-05 - 21-05 21-05 
SC2 29-06-97 27-07-97 16-11-97 30-06-97 29-06 29-06 29-06 - 04-07 04-07 
SC3 17-11-97 13-12-97 18-04-98 18-11-97 17-11 17-11 17-11 - 22-11 22-11 
SC4 15-12-97 11-01-98 19-04-98 16-12-97 15-12 15-12 15-12 - 20-12 20-12 
LEGEND 
WA WallA SA: Slab A C: Curing Compound 
WB WallB SB SlabB F: Formwork 
WC WallC SC : SlabC H: Hessian 
S : Sand 
Given that the aggregates were stored on-site (although covered with a tarpaulin), 
some concern was raised as to the possible contamination by chlorides. Thus 
samples of the fine fraction (crusher dust and pit sand) of the aggregates were 
sampled and analysed for Chloride content, by mass of aggregate. Fultons 
Concrete Technology55 recommends a series of maximum chloride contents 
ranging from 0,05% to 0,20% (prestressed to marine reinforced concrete). The 
maximum chloride contamination measured was 0,00063% well below the 
recommended limit. 
Figure 8 shows the results of the analyses and represents the chloride content as a 
percentage of the dry mass of aggregate sample. 
3.2.4 CURING METHODS 
The choice of curing method to be used was largely governed by existing site 
practice used in the industry. Given the practical nature of the project it was 
imperative that the curing methods selected were both practical (easy to use), 
cheap and common to the construction industry. 
After some deliberation the following curing methods were selected. As a means 













benchmark curing method. It was decided to use the specilication relati~e to 
curing of cubes fur compressive strength determination givCll its widespread use 
and acceptance in the industry. In addition to this four "site-curing" methods 
were selected each as described in detail below. 
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USED TO MANUFACIlJR E T EST ELEMF.NTS 
The curing period selected on-site varies Irom that specified in SABS 120OG. 
SABS 1200G calls for seven days of continuous c~ when using GGBS and 
also requires sand or hessian to be k~ continuously wet. It is well established 
rrom review of CUJTent literature' 16 1 !hal the guidelines have no rational basis, 
and in addition to this, GrieseJ'gW work indicated lhatlhrec days of wet curing was 
optimal trom a practical aspect. In addition, there is lilerature) supporting the 
notion that even on construction sites with excellent quality control, cllring to 
SABS 1200G requirements is rarely carried out. Most construction sites pr<lClisc 
moisture-retention curing ratller than moisture addition curing. Based on the 
above observations the reduced curing time was selected to represent current 
implemented pr<lctice in a South African context. 
No Curing 
In this case the test elements were not cured at all. After striking of the shullers 
and finishing, the surface was simply exposed to the elements. 
Curing Compound 
This method of curing is probably the most COUllllon used iu the industry. WheD 
selecting a product, input from the industry was obtained and it was decided to 
use a ~ognised brand name, being a pigmented resin-based compound. The 
compound was spray-applied using the application rates suggested by the product 













element. In the case of the walls the compound was applied on striking of the 
formwork, and the slabs as soon as bleeding ceased and finishing was complete. 
Hessian 
This curing method is commonly specified but requires a considerable amount of 
effort to apply effectively. In practice the hessian is normally covered with a 
plastic sheet (not black) to prevent moisture evaporation. The hessian was applied 
in a double layer, saturated and thoroughly covered with a green 150 mm plastic 
sheet. Table 11 details when the hessian was applied and also when it was 
removed. The minimum curing period used was five days, however due to 
practical constraints this did vary. 
Formwork Retention 
This method was used for the walls only and the timber shutters were left in place 





This method was used for the slabs only, and was selected due to its common use 
in the industry for slab construction. A - 75mm layer of sand was applied to the 
concrete surface after bleeding stopped and finishing was complete. The sand 
was then thoroughly saturated and left for a minimum of 5 days. No subsequent 
wetting was undertaken in summer and the sand was simply removed after the 
curing period (see Table 11 for details). 
CORING DETAILS 
Equipment 
Coring equipment supplied by a local materials laboratory was used (refer to 
Photograph 19 in Appendix 2 for a full explanation of the operation details etc). 
Procedure 
The procedure for coring was as follows: 
• The core positions were marked using red wax crayon, and the cores 
numbered on the coring surface; 
• The equipment was set-up and 68 mm diameter cores were extracted as 
detailed in Table 12; (the slab elements were cored in the direction of 
placing, while the walls and cubes (control) were cored perpendicular to the 
direction of casting). 
• The cores were removed using a 4 lb. hammer and cold steel chisel; 
• The cores were then carefully inspected for defects (cracks, large voids etc). 
If a core exhibited noticeable defects it was discarded and another core was 
extracted; and 
• The cores were marked using masking tape, packaged by wrapping in 












TABLE 12: DETAILS OF CORES EXTRACTED 
AGE LENGTH DI AND MATERIAL TESTING 
(DAYS) 
No. 
(MM) Cl WS OPI fe 
28 4 ~ 150 ~ --:v ~ 
TEST 28 4 ~ 80 ..; 
ELEMENTS 120 3 ~ 150 ..; ..; ..; 
120 3 ~ 80 ~ 
28 4 150 -.~ -..; -:v ~ 
CUBES 
120 4 150 ...J ...J ...J --:v 
LEGEND: 
Cl Chloride Conductivity 
WS Water Sorptivity 
OPI Oxygen Permeability Index 
fe Core Compressive Strength 
3.2.6 CUBE AND CORE COMPRESSIVE STRENGTH DETAILS 
Cubes were cast at the same time as the various test elements, using the same 
concrete, and cured in a temperature-controlled curing bath at a constant 
temperature of 23°C (as set out in SABS Method 863)46 for two reasons viz. 
• As a means of determining the potential durability of each test element; (this 
was done by extracting cores from the cubes at both 28 and 120 days and 
using the cores as a control) 
• As a means of compressive strength quality control. 
On coring each of the test elements, cores were extracted from the cubes for 
compressive strength determination, per curing method. The primary questions 
regarding compressive strength data are: 
• Did each of the test elements meet the design cube compressive strength at 
28 days?; and 
• What is the range of cube results at 28 and 120 days, and do the core 
compressive strengths mirror this trend? 
In assessing the outcome only the cores extracted from 28 and 120-day water 
cured cubes and cube compressive strengths are evaluated. While Figures 9 and 
10 show the summary of all core compressive strengths (site cured elements also), 
this is for completeness only. It is beyond the scope of this study to examine the 
influence of curing method on potential core compressive strength. 
The core compressive strengths were determined by accurately trimming and 
grinding the ends and recording the failure load. The length was always equal to a 
minimum of 1,0 times the diameter. No allowance was made for curing history 
(site cured elements), direction of curing or percentage air voids, as recommended 
by SABS Method 865. Four core tests were used per test determination. It is 
worth noting that SABS Method 865 requires a minimum core diameter of 











that a core diameter of at least three times the largest aggregate fraction will 
suffice (personal communication with Alexander). SABS Method 865 indicates 
that cores of smaller diameter can yield higher results. 
Considering the wall test elements (the results are indicated in Figure 9 on page 
46), the target cube compressive strength at 28 days was required to be 35 MPa. 
The cube results of all of the concrete types (GGBS, FA and CSF) exceed this 
limit and the CSF concrete exhibits noticeably higher cube compressive strength 
at 28 days (- 53 MPa) when compared to the GGBS and FA concrete (- 36 MPa). 
This is also true for the core compressive strengths for wet-cured cubes at 28 
days. However the core compressive strengths for FA concrete are noticeably 
higher than the cube compressive strengths (- 46 MPa vs. - 36 MPa), while the 
CSF and GGBS concrete exhibits remarkably similar cube and core compressive 
strength. 
For the wall series no 120-day cube compressive strength data are available (refer 
to Section 3.4 of this chapter for a full explanation in this regard). However 60-
day cube compressive strength data is available and of interest is how the strength 
has changed very marginally for CSF concrete from 28 days. The compressive 
strength of GGBS and FA concrete however has changed noticeably. The cube 
compressive strength for CSF concrete at 60 days is higher (- 53 MPa) than the 
FA concrete (- 47 MPa) and GGBS concrete (- 44 MPa). The 120-day core 
compressive strengths indicate the same trend in terms of ranking of compressive 
strengths, however the strengths are noticeably higher when compared to the 60-
day cube compressive strength results. Interestingly the core compressive 
strengths at 120 days fall within a very small band of between - 56 MPa and - 63 
MPa. 
Considering the above it can be concluded that the wall series met the 28 
characteristic cube compressive strength. While the 28-day cube compressive 
strengths indicated CSF concrete as having a noticeably higher strength grade, at 
120 days the compressive strength has equalised indicating concretes of very 
similar strength grade. 
Considering the OPC binder concrete slab series test elements (the results are 
indicated in Figure 10 on page 47), the target cube compressive strength at 28 
days is 44 MPa. The cube results of all of the concrete types (GGBS, FA and 
CSF) are very close to or exceed this limit and the CSF concrete exhibits a higher 
cube compressive strength at 28 days (- 53 MPa) when compared to the GGBS 
and FA concretes (- 45 MPa). This is also true for the core compressive strengths 
at 28 days, however all the concretes exhibit larger core than cube compressive 
strengths. 
As for the wall series no 120-day cube compressive strength data are available 
(refer to Section 3.4 of this chapter for a full explanation in this regard). However 
the 60 day cube compressive strength indicates the same trend as for 28-day 
results. 
The 120-day core compressive strengths indicate the CSF and FA coincide in a 











Considering the CEM I binder concrete slab series test elements (the results are 
indicated in Figure 10), the target cube compressive strength is 44 MPa. All of 
the concrete types (GGBS, FA and CSF) are very close to or exceed this limit and 
the CSF concrete exhibits a noticeably higher cube compressive strength at 28 
days (~ 55 MPa) when compared to the GGBS and FA concretes (~ 45 MPa). 
This is also true for the core compressive strengths at 28 days, however all the 
concretes exhibit larger core compressive strengths. 
The trend noticed for the 28-day cube compressive strengths is repeated at 120 
days with a noticeable increase in cube compressive strength from 28 to 120 days. 
The CSF and FA concretes exhibit a similar cube compressive strength (~ 63 
MPa) at 120 days with the GGBS concrete lower (~ 53 MPa). 
For the core compressive strength at 120 days the trend is repeated and indicates 
the CSF and FA concrete are in a similar strength range (~ 73 MPa) with the 
GGBS concrete marginally lower (~ 65 MPa). Considering the above it can be 
concluded that the CEM I binder concrete slab series met the 28-day characteristic 
cube compressive strengths. 
Table 13 below indicates the cube compressive strength gain with time for the 
slab elements cast using both OPC and CEM I cements. Based on the chemical 
analysis as presented in table 7 above, it is anticipated that given the similar 
clinker chemical composition and increased fineness of the CEM I that it will 
result in higher earlier age strength gain. From the results in Table 13 this is not 
evident and the plausible explanation is that the various extenders have had the 
effect of masking the fineness of the CEM 1. It is also possible that the raw 
materials for the OPC and CEM I are from two different sources, although from 
the same supplier. 
TABLE 13: DETAILS OF CUBE COMPRESSIVE STRENGTH VS. ELEMENT AGE 
CUBE CHARACTERISTIC STRENGTH 
TEST feu@7days feu @ 14 days feu @28days 
ELEMENT (MPa) (MPa) (MPa) 
OPC 
SAl 30,6 40,8 45,1 
III SAl 27,5 37,4 44,1 = ~ SA3 31,5 36,7 43,4 
~ CEMI 
SA4 25,3 38,6 45,0 
OPC 
SB1 27,5 35,8 42,5 
~ 
SB2 29,3 37,7 45,3 
SB3 31,5 37,1 45,2 
CEMI 
SB4 25,8 36,7 41,5 
OPC 
SCI 41,6 46,2 52,5 
~ SC2 38,6 46,5 52,7 
III 
U CEMI 
SC3 38,3 44,2 50,8 











3.3 LABORATORY WORK 







The details pertaining to scope, test method, significance, apparatus, sample 
preparation and conditioning and test procedures for the three durability index 
tests are covered in detail in a document published by the University of Cape 
Town33• These details are thus not repeated in this document. 
DATA GENERATION 
Cube Compressive Strength 
The cube compressive strength was determined by using equipment locally 
available at a materials laboratory in East London. Appendix 3 shows the format in 
which the data are recorded on a worksheet. In this case a single worksheet 
represents the full range of data per test element. 
Core Compressive Strength 
The core compressive strength was determined in the Civil Engineering laboratory 
at the University of Cape Town and sent to the author by electronic format and 
hard copy. Appendix 4 shows the format in which the data is recorded on a 
worksheet. In this case a single worksheet represents the full range of data per 
test element at a given age. 
Chloride Conductivity 
The chloride conductivity was determined in the Civil Engineering laboratory at the 
University of Cape Town and sent to the author by electronic format and hard copy. 
Appendix 5 shows the format in which the data is recorded on a worksheet. In this 
case a single worksheet represents the full range of data per test element at a given 
age. 
Water Sorptivity 
The water sorptivity was determined in the Civil Engineering laboratory at the 
University of Cape Town and sent to the author by electronic format and hard copy. 
Appendix 6 shows two spreadsheets indicating the format in which the data is 
recorded. In this case it is necessary to have six separate spreadsheets per test 
element at a given age. Five spreadsheets per curing method and a summary of the 
data are included. 
Oxygen Permeability Index 
The oxygen permeability index was determined in the Civil Engineering laboratory 
at the University of Cape Town and sent to the author by electronic format and hard 
copy. Appendix 7 shows two spreadsheet indicating the format in which the data is 
recorded. In this case it is necessary to have six separate spreadsheets per test 
element at a given age. Five spreadsheets per curing method and a summary of the 
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3.3.3 QUALITY CONTROL PROCEDURE 
3.3.3.1 
The American National Standards (ANS) publication "Standard Practice for Dealing 
with Outlying Observations" Designation: E178 - 80 (Re-approved 1989) was used 
as a means of evaluating the statistical variability of the data. Section 4.1 and 4.2 of 
the publication has been reproduced in Appendix 8 for reference. A 5% significance 
level was used in the evaluation and data found to be outside the significance level 
window was discarded. Each determination was evaluated in the processing of the 
raw data as received from the laboratory. 
The full data for each set of the durability indexes was also evaluated using the 
same ANS publication. This was done for both the wall and slab series per binder 
type. Appendices 10 to 18 show the detail of the full data set statistical analyses, 
(three per durability index, thus a total of nine). The analysis groups element type 
(wall or slab), binder type, element age and curing method for the first statistical 
evaluation. Since the walls only have one final result per curing method, they are 
not evaluated with the first evaluation. A second evaluation is also undertaken 
grouping element type, binder type and element age (in other words all the curing 
methods are considered part of the same population). It must be noted that this is 
not strictly statistically correct, but is a useful tool in evaluating the spread of 
results. No data considered anomalous is discarded from this evaluation, it is 
simply used as a useful comparative analysis tool. 
Chloride Conductivity 
Appendix 10 details the statistical analysis of the GGBS concretes for walls and 
slabs per curing method at 28 and 120-day element ages. A broad analysis of the 
wall series data, across the range of curing methods, indicates that all the data lies 
within the statistical variability considered acceptable with no anomalies noted. The 
same is true for the analysis of the slab series data. A more detailed analysis of the 
slab series data, across the range of curing methods, also indicates that no 
anomalous data is present. 
Result: No data from this set to be considered anomalous. 
Appendix 11 shows the same as above but for FA concretes. An evaluation of the 
slab series per curing method indicates that the result to SB2 for 28-day water 
curing (1,43 mS/cm) is anomalous (too high). A broader analysis of the entire set of 
slab results across the range of curing methods does not confirm this but this is 
expected given the larger population. It must be borne in mind that the grouping of 
the results across curing methods is strictly speaking statistically incorrect, but 
useful as a guide. A broad analysis of the wall data indicates that the result to WB 
for 120-day water curing (0,17 mS/cm) is anomalous (too low). In this case 
however it must be noted that this observation is relative to grouping all the data 
across the range of curing methods, and the FA concretes exhibit extreme sensitivity 
to wet curing. The results for 120-day wet curing for the OPC/F A concrete slab 
series (0,12 mS/cm and 0,17 mS/cm) are very similar to the result in question thus it 
would appear in this case that the weight of evidence suggests that the result is not 
anomalous. 
Result: Result for SBl for l8-day water curing considered to be anomalous, 













Appendix 12 details the statistical analysis of the CSF concretes. Both the analyses 
indicate that the data set does not indicate any anomalous data. 
Result: No data from this set to be considered anomalous. 
Water Sorptivity 
Appendix 13 details the statistical analysis of the GGBS concretes for walls and 
slabs per curing method at 28 and 120-day element ages. A detailed evaluation of 
the slab series per curing method indicates that the 120-day result for SA2, hessian 
curing (2,40 mmI...Jh) is anomalous (too low). A broader analysis of the entire set of 
slab results across the range of curing methods also confirms this. 
Result: ll0-day result for SAl, hessian curing, considered to be anomalous, 
hence rejected from further discussions and evaluation. 
Appendix 14 details the statistical analysis of the FA concretes. The broad analysis 
of the wall series data, across the range of curing methods, indicates that all the data 
lie within the statistical variability considered acceptable with no anomalies noted. 
The same is true for the broad analysis of the slab series data. A more detailed 
analysis of the slab series data, across the range of curing methods, also indicates 
that no anomalous data are present. 
Result: No data from this set to be considered anomalous. 
Appendix 15 details the statistical analysis of the CSF concretes. The broad 
analysis of the wall series data, across the range of curing methods, indicates that all 
the data lie within the statistical variability considered acceptable with no anomalies 
noted. The same is true for the broad analysis of the slab series data. A more 
detailed analysis of the slab series data, across the range of curing methods, also 
indicates that no anomalous data are present. 
Result: No data from this set to be considered anomalous. 
Oxygen Permeability 
For the statistical e aluation of the oxygen permeability data the D'Arcy coefficient 
of permeability was used and not the OPI. 
Appendix 16 details the statistical analysis of the GGBS concretes for walls and 
slabs per curing method at 28 and 120-day element ages. A detailed evaluation of 
the slab series per curing method indicates no anomalies. The same is true for the 
wall series and a more general evaluation of the data. 
Result: No datafrom this set to be considered anomalous. 
Appendix 17 details the statistical analysis of the FA concretes. A detailed 
evaluation of the slab series per curing method indicates that 28-day result for SB4, 
no curing (OPI 9,58) is anomalous (too low). A broader analysis of the entire set of 
slab results across the range of curing methods contradicts this but is expected given 
the larger population. These broader analyses reveals that the 28-day result for SB4, 
curing compound (OPI 9,28) curing is anomalous (too low). A detailed analysis 
was not possible for this curing method since only two results were recorded. 
Result: l8-day result for SB4, no curing, considered to be anomalous, hence 











Appendix 18 details the statistical analysis of the CSF concretes. A detailed 
evaluation of the slab series per curing method indicates that 28-day result for SC2, 
hessian curing (OPI 9,95) is anomalous (too high). It also indicates that the 120-day 
result for SC2, sand curing (OPI 10,00) is anomalous (too high). A broader analysis 
of the entire set of slab results across the range of curing methods contradicts this 
but is expected given the larger population. 
Result: 28-day result for SC2, hessian curing, and 120-day result for SC2, sand 
curing, considered to be anomalous, hence rejected from further discussions and 
evaluation. 
3.3.4 LIMITATIONS AND OTHER CONSIDERATIONS 
At the outset of the project the initial intention was to undertake the index testing 
at 28 days. When the first data was received, some anomalies were noted. It was 
decided that cores would also be extracted at 120 days to attempt to establish the 
cause of the anomalies. A 120-day coring age was chosen because firstly it was at 
about this time in the project that it became clear that the first data indicated 
anomalies. Secondly it was also at this time that information became available in 
the larger S.A. research effort that indicated that currently used extenders take 
longer than 28 days to develop their potential durability characteristics. Thirdly it 
was at the time indicated to the author (personal communication Alexander), that 
concrete pavements in Belgium were only evaluated for durability performance at 
three months (-90 days) age. 
To facilitate coring at 120 days and core strength determination of cubes at 120 
days, it was necessary to allocate two cubes for compressive strength 
determination at 7, 14, 28 and 120 days. This is not as recommended by SABS 
Method 863, which specifies a minimum of three cubes to be crushed per 
compressive strength determination. 
Due to the number of cubes remaining at the time the decision was made to core 
at 120 days, it was unfortunately not possible to determine the cube compressive 
strength at 120 days for the wall series test elements or for the OPC binder 
concretes (series 1 and 2 slabs). It was subsequently established that irregularities 
in the laboratory procedures resulted in the noted anomalies. These results have 
been isolated and where relevant in this document noted as being unreliable. Note 
that this unforeseen change resulted in a large increase in workload. It also added 
a further variable. However the author is of the opinion, that the determination of 
the durability indexes at 120 days has been invaluable in terms of the 
understanding it has added to this project. 
A CD-ROM is attached to the thesis containing all of the test data in spreadsheet 
format, given that the volume of information if appended, will make the document 











DEVELOPMENT OF AN ENVIRONMENTAL CHARACTERISATION 
SYSTEM 
4.1 GENERAL INTRODUCTION 
The hydration reaction in cement can only proceed with sufficient available 
moisture in the "young" concrete, which in turn influences properties such as 
porosity, permeability and diffusivity of the concrete. These properties influence 
the rate of penetration of aggressive agents that may cause corrosion damage to 
the steel reinforcing bars. It is well established that the rate of hydration is very 
sensitive to the relative humidity of the pores in the concrete30, thus the rate of 
moisture loss can significantly influence the development of the properties of the 
covercrete - the thin skin of concrete situated between the reinforcing and the surface 
of the concrete, typically 20 to 50 mm thick. 
Environmental factors such as temperature, relative humidity and precipitation all 
influence the evaporation of pore water and thus play a role in the moisture 
exchanges of the covercrete. This in turn affects the properties of the cement 
paste responsible for ensuring the material's resistance to the ingress of aggressive 
agents - broadly referred to as durability. 
As mentioned previously the nature of the research project was such that the 
environmental conditions varied in an uncontrolled manner for the duration of the 
project. While evaluation of the effects of the climate on the various durability 
indexes was not the primary aim of this project, such effects remain a crucial 
issue, requiring thought and some means of quantifying their effect on concrete 
durability. 
The objective of this chapter is to suggest a framework for a broad environmental 
characterisation system. This suggested framework is based on the limited data 
available, and is an area where considerable additional research work is justified. 
The aim of the system is to assist with interpreting the durability index results and 
also to broaden the understanding of the variability of the results. 
4.2 UNDERLYING PRINCIPLES OF ENVIRONMENTAL CHARAC-
TERISATION SYSTEM 
This section details the development of the individual steps of the characterisation 
system together with the underlying principles and limitations of each step of the 
procedure. 
At the outset it must be stressed that this is a preliminary, broad characterisation 
system and the focus is on achieving a holistic, relative understanding of the 
environmental effects on the test results. Nevertheless, an effort has been made to 












The steps in the development of the system are outlined in broad detail 
immediately below and the procedure is explained in greater detail subsequently 
in this chapter. 
STEP 1: DEVELOPMENT OF THE IDEALISED ENVIRONMENTAL MODEL 
The first step in applying a characterisation system of the environmental factors is 
to develop a model as a reference. The aim of the reference model is to assist 
with the evaluation of environmental effects on the durability indexes. An 
environmental model is developed for each of three environmental factors, namely 
temperature, relative humidity and precipitation. The various models show the 
effect of the environmental condition on the durability indexes i.e. water 
sorptivity, oxygen permeability and chloride conductivity. 
STEP 2: DEVELOPMENT OF THE SCORING SYSTEM 
STEP 3: 
STEP 4: 
The next step is to apply a scoring system, based on the environmental model, to 
quantify the effect of the particular environmental factors on the durability 
indexes measured. The scoring system will vary for the particular durability 
indexes. 
COMBINING THE SCORING SYSTEM AND HYDRATION-RATE WEIGHTING 
SYSTEM 
In the third step a weighting system is introduced to account for the change in 
hydration rate of the concrete with time. The applied weighting decreases with 
element age and varies for the three binders (as does the hydration rate). By 
combining the scoring and weighting system, the effect of the particular 
environmental factor (on the durability indexes) is aligned with the hydration rate 
of the binder under consideration. 
APPLYING AN OVERALL WEIGHTING SYSTEM TO DEVELOP A FINAL 
ENVIRONMENTAL RATING 
The final step in the process is to combine the scoring for the three environmental 
factors for a particular measured durability index, to yield an overall 
environmental rating. To do this it must be appreciated that for each of the three 
durability indexes the contribution of each of the three environmental factors will 
vary. For this reason an overall weighting is introduced to yield a single 
environmental rating. The final rating is compared to the "potential rating" - the 
rating for a fully water cured cube for that particular test element. 
4.3 DEVELOPMENT OF THE ENVIRONMENTAL MODEL (STEP 1) 
The development of the environmental model focuses on the three environmental 
influences or factors, namely temperature, relative humidity and precipitation. 
The development of each model is discussed separately together with its 
assumptions and limitations. 
Griesel10 studied the effect of temperature and relative humidity on the durability 
indexes and the models formulated here are based on his results. The study he 
undertook was limited to ope - ordinary portland cement - as a binder and 
various combinations of temperature and relative humidity, which will be 











different periods of wet curing and of concrete compressive strength on the 
durability indexes by considering concrete grades of 20, 40 and 60 MPa. 
4.3.1 DEVELOPMENT OF IDEALISED TEMPERATURE MODEL 
GriesellO used a constant relative humidity of 50%. By selecting temperatures of 
18°e, 28°e and 35°e and periods of wet curing of 1, 3, 7 days respectively, he 
was able to relate the variation in measured durability indexes to a fully wet-cured 
28-day condition. 
Figure 11 shows the temperature model adopted for purposes of environmental 
characterisation for this project, based on Griesel's results. The model shows 
three temperatures i.e. 18°e, 28°e and 35°e with the percentage variation of the 
particular durability indexes measured by Griesel based on the 28-day water-cured 
result as the reference. The results on which the model is based are derived from 
a test condition having a relative humidity of 50%, a 1 day wet curing period and 
grade 40 MPa ope concrete at an age of 28 days. (Note that the relative humidity 
and temperatures mentioned were effective after an initial 1 day period of wet-
curing at 22°e and 100% relative humidity). The variation was determined 
relative to the 28-day water-cured results, and in the case of oxygen permeability 
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FIGURE 11: THE EFFECT OF TEMPERATURE ON THE DURABILITY INDEXES - AN 
IDEALISED MODEL USED TO DEVELOP A SCORING SYSTEM. 
These limits were selected firstly since the 40 MPa concrete used by Griesel 
closely matched the strength grade of the test elements in this study 
(notwithstanding the difference in binder type). Secondly the relatively short 1 











(also this corresponds to practical conditions prevailing on many construction 
sites). 
Thus, for example, for water sorptivity at 35°C and 50% relative humidity, a 1 
day wet-cured grade 40 OPC concrete at 28-day would have a water sorptivity 
value 51 % higher than the equivalent concrete wet-cured for 28 days at standard 
temperature (22°C). 
4.3.2 DEVELOPMENT OF IDEALISED RELATIVE HUMIDITY MODEL 
In another series of tests, Griesel10 used a constant temperature of 18°C. By 
varying the relative humidity between 50%, 65% and 82% and the period of wet 
curing between 1, 3 and 7 days he was able to relate the variation in measured 
durability indexes to a 28-day wet-cured condition. 
Figure 12 shows the relative humidity model adopted for purposes of 
environmental characterisation for this project. The model shows four relative 
humidity values i.e. 40%, 50%, 65% and 80% with the percentage variation of the 
particular durability indexes measured by Griesel based on the 28-day water-cured 
result as the reference. The results on which the model is based are derived from a 
test condition having a temperature of 18°C, a 1 day wet-curing period and grade 
40 MPa OPC concrete. The 40% relative humidity results were obtained by 
extrapolating the 65% and 50% relative humidity results (measured at 28 days), 
which was reasonable within this relatively small range. (Note that the relative 
humidities and temperature mentioned were effective after an initial 1 day period 
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FIGURE 12: THE EFFECT OF RELATIVE HUMIDITY ON THE DURABILITY INDEXES 











Thus, for example, for water sorptivity at 18°C and 50% relative humidity, a 1 
day wet-cured grade 40 OPC concrete would have a water sorptivity value 23% 
higher than the equivalent concrete wet-cured for 28 days at standard temperature 
(22°C) and a relative humidity of 100%, at 28 days. 
4.3.3 DEVELOPMENT OF IDEALISED PRECIPITATION MODEL 
Griesel10 used three periods of wet curing, namely 1, 3, and 7 days for 
detennining both the temperature and relative humidity effect on the durability 
indexes. \Vet curing is taken to be the same as the effect of precipitation i.e. a 
wetted concrete surface. 
Figure 13 shows the precipitation model adopted, from Griesel's work, for 
purposes of environmental characterisation for this project. The model shows 
three periods of wet curing i.e. 1,3 and 7 days with the percentage variation of the 
particular durability index measured based on the 28-day water-cured result as the 
reference. The results on which the model is based are derived from a test 
condition having a relative humidity of 50%, a temperature of 18°C and grade 40 
MPa OPC concrete at the age of 28 days. (Note that the relative humidity and 
temperature were effective after an initial period of wet-curing at 22°C and 100% 
relative humidity). 
The no-curing results - 0 day wet curing - are not given but are anticipated to 
show a non-linear extrapolation from the 1 day period of wet curing. Data for the 
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Figure 13: THE EFFECT OF PRECIPITATION ON THE DURABILITY INDEXES - AN 
IDEALISED MODEL USED TO DEVELOP A SCORING SYSTEM. 
Thus, for example, for water sorptivity at 18°C and 50% relative humidity at the age of 
28 days, a 1 day wet-cured grade 40 OPC concrete would have a water sorptivity value 
23% higher than the equivalent concrete wet-cured for 28 days at standard temperature 











The limitations of these models are as follows: 
• They are based on OPC as a binder while in this project three blended 
binders were used, namely OPC/GGBS, OPCIF A and OPC/CSF; 
• The mean temperature range measured on the test site varied from 10°C to 
25°C, while the temperature model makes allowance for a temperature 
range from 18°C to 35°C; 
• The mean relative humidity range measured on the test site varied from 20% 
to 100%, while the relative humidity model makes allowance for a relative 
humidity range from 40% to 80%; and 
• The results on which the models are based are derived from a test condition 
having a period of wet curing of 1 day, a relative humidity of 50% and a 
temperature of 18°C. The interaction of these various environmental factors 
will certainly influence the data - in other words the model is not a true 
reflection of a single environmental factor. The ideal scenario would be to 
have information based on a lower relative humidity - 10% to 20%, a lower 
temperature - 5°C to 10°C, and an uncured sample, to enable the individual 
environmental factors to be measured in isolation. 
The limitations mentioned above and the absence of information on particular 
interactions must be borne in mind. Nevertheless the information available is 
useful and relevant to the construction of a broad preference framework. 
4.4 DEVELOPMENT OF THE SCORING SYSTEM (STEP 2) 
The purpose of the scoring system is to quantify the effect of the particular 
environmental factors on the durability indexes measured. Using the 
environmental models a scoring system is introduced as outlined in Table 14. 
TABLE 14: SCORING SYSTEM FOR EACH ENVIRONMENTAL FACTOR RELATED TO 
THE DURABILITY INDEXES. 
ENVIRON. 
WATER OXYGEN CHLORIDE 
SORPTIVITY PERMEABILITY CONDUCTIVITY LIMITS 
SCORE SCORE SCORE 
18°C 10 2 10 
TEMPERA TORE 28°C 10 10 6 
35°C 0 0 0 
RELATIVE 
40% 0 0 0 
HUMIDITY 65% 0 4 8 
80% 10 10 10 
PRECIPITATION 
Omm 0 0 0 
VOLUME 20mm 5 5 5 
80mm 10 10 10 
PRECIPITATION 
o min 0 0 0 
DURATION 
310 min 6 7 7 
720 min 10 10 10 
The scoring system is derived from the respective models (refer to Figures 11 to 











• For a given durability index the lowest variation is arbitrarily assigned the 
highest score - 10 - and the highest variation the lowest score - 0; 
• The scoring at any point between these two limits is simply interpolated 
linearly using the range in variation as the base; and 
• The scoring is rounded to the nearest whole number. 
For precipitation the scoring is refined slightly as follows: 
• The period of wet curing is related to precipitation volume and precipitation 
duration. The total maximum precipitation duration is 1440 minutes in a 24 
hour period. However, continuous rainfall sustained for 24 hours seldom 
occurs. Furthennore, considering the manner in which precipitation 
duration data is recorded, it was felt more reasonable to adopt a maximum 
precipitation duration of 720 minutes per 24 hour period. The scoring for 
precipitation duration is adjusted in the same ratio as the wet curing 
duration; and 
• The same procedure is used to assign a scoring system to precipitation 
volume, however in this case the maximum measured precipitation volume 
in a 24 hour period - 80 mm - is assigned the highest scoring. This was 
obtained from the rainfall records scrutinised over the duration of this 
project as obtained from the meteorological office at East London Airport. 
4.5 DEVELOPMENT OF THE HYDRATION-RATE WEIGHTING 
SYSTEM (STEP 3) 
The environmental effect on the various durability indexes must vary with time, 
based on the premise that the rate of the hydration reaction in concrete, which 
directly influences the properties of the covercrete, decreases with time. Thus, 
environmental effects can be expected to be far more critical and important in the 
earlier stages of the life of an element, particularly in the first few days after 
casting. It would therefore be sensible to divide the ages of an element into 
different periods, with greater weighting given to the earlier age periods. To 
develop a preliminary assessment of the possible weightings that can be assigned 
to element age periods, well-established data on the compressive strength gain of 
concrete with age, under fully water cured conditions, was used as a guide. 
Compressive strength development does not necessarily correlate directly with 
development of the transport properties of the covercrete. In the absence of more 
conclusive data, it was considered that compressive strength used as a basis is 
reasonable, although there will be limitations in this approach. Depending on the 
type of binder used, the method of curing, and other factors the compressive 
strength gain of concrete fits broadly into the following categories3! as indicated 
in Table 15. This guide is based on OPC and OPC Blends (in the respective 











TABLE 15: CHARACTERISATION OF CONCRETE STRENGTH GAIN WITH TIME FOR 
VARIOUS BINDER BLENDS (BASED ON DATA IN FUL TON31). 
PERCENTAGE OF 120-DAY STRENGTH AT GIVEN AGE (%) 
AGE OPC OPC/GGBS OPC/FA OPC/CSF 
BLEND BLEND BLEND 
3 DAYS 50 30 35 60 
7 DAYS 70 50 50 80 
14 DAYS 80 65 60 90 
28 DAYS 90 80 70 95 
90 DAYS 97 95 90 97 
120 DAYS 100 100 100 100 
Based on the data in Table 15 the weighting system as outlined in Table 16 is 
developed, by evaluating the weighting factor with respect to element age. 
The limitations of the hydration rate weighting system are as follows: 
• The weighting system is based broadly on the compressive strength gain of 
concrete with age. This is accepted as a starting point, but data is required 
for development of durability indexes with time; and 
• The weighting system is assumed to be the same for each of the durability 
indexes. In reality the durability indexes may be affected differently by 
each environmental factor with time, but such data is not available at 
present. 
Despite the limitations as mentioned above, and given the absence of data on 
particular interactions and the fact that this is a preliminary broad characterisation 
of the environmental influences, the approach is considered useful. 
TABLE 16: HYDRATION RATE WEIGHTING SYSTEM FOR ALL ENVIRONMENTAL 
FACTORS AND ALL DURABILITY INDEXES 
HYDRATION RATE WEIGHTING FACTORS (%) 
ELEMENT AGE OPC/GGBS OPC/FA OPC/CSF 
1 To3 DAYS 30 35 60 
4T07DAYS 20 15 20 
8 TO 14 DAYS 15 10 10 
15 TO 28 DAYS 15 10 5 
29 TO 60 DAYS 10 15 1 
61 TO 90 DAYS 5 5 1 
91 TO 120 DAYS 3 5 2 
> 120 DAYS 2 5 1 
By applying the scoring and weighting system, as outlined in the two previous 
sections, it is possible to formulate an environmental scoring for each of the 
environmental factors i.e. temperature, relative humidity and precipitation, for the 
individual durability indexes i.e. water sorptivity, oxygen permeability and 











4.6 DEVELOPMENT OF THE RATING SYSTEM (STEP 4) 
The fmal step of the environmental characterisation process is to attempt to draw 
each environmental score for a particular durability index into one single final 
environmental characterisation factor or rating. 
The underlying principle in this step of the procedure is that each environmental 
factor has a different contribution to the final rating for a particUlar durability 
index. 
The overall rating is fonnulated as follows: 
• Each durability index is considered separately. The range of percentage 
variation is extracted from the idealised environmental models for each 
environmental influence. (Figures 11, 12 and 13); 
• For the particular durability index under consideration the ranges of 
percentage variation per environmental influence are summed; and 
• The overall rating is detennined by proportioning the variation of the 
particular environmental factor under consideration to the total summed 
percentage variation. This is taken to represent the relative influence that a 
particular environmental factor has on the overall development of the 
durability index under consideration. 
For example, considering water sorptivity, the range of percentage variation per 
environmental model is as follows: (While it is realised that the various climatic 
influences will interact, it has been ignored at this stage). 
Temperature: (Fig. 11) 
Relative Humidity: (Fig. 12) 
Precipitation: (Fig. 13) 
Total: 
51,0% - 23,0% = 28,0% 
23,0% - 2,0% = 21,0% 
23,0% - 1,0% = 22,0% 
Sum =71,0% 
Thus the overall rating for temperature is 28,0% + 71,0% x 100% = 40,0%, 
for relative humidity is 30,0% (21,0% + 71,0% x 100%) and 
for precipitation is 30,0% (22,0% + 71,0% x 100%). 
The implication of this is that, for water sorptivity, temperature has a more 
important influence on development of sorptivity than either relative humidity or 
precipitation, the latter two being of equal magnitude. Similar implications can be 
drawn for the other indexes in relation to the environmental factors. 
Table 17 shows the proposed ratings based on the procedure as outlined above. 
TABLE 17: RATING SYSTEM FOR EACH ENVIRONMENTAL FACTOR IN RELATION TO 
THE DURABILITY INDEXES 
WATER OXYGEN CHLORIDE 
SORPTIVITY PERMEABILITY CONDUCTIVITY 
TEMPERATURE 40% 50% 20% 
HUMIDITY 30% 10% 20% 











From the data in Table 17 it is evident that temperature has the largest effect on 
oxygen permeability, followed by water sorptivity and least effect on chloride 
conductivity. Conversely relative humidity has the least effect on oxygen 
permeability and a larger effect on water sorptivity and chloride conductivity. 
Precipitation has the largest effect on chloride conductivity, followed by oxygen 
permeability, and least effect on water sorptivity. 
4.7 WORKED EXAMPLE 
This section sets out a worked example to illustrate the procedure explained in the 
previous sections of this chapter. For this exercise the chloride conductivity index 
is selected and the 28-day Overall Environmental Rating is developed based on 
the effect of relative humidity only. Similar calculations can be done for the other 
indexes and environmental effects. 
4.7.1 PROCEDURE FOR DEVELOPING ENVIRONMENTAL RATING 
STEP 1: Ev ALUA TING THE ELEMENT SCORING 
Based on the mean relative humidity recorded, a scoring is assigned to the curing 
achieved on site and the fully water-cured condition, per day. The scoring is 
assigned based on the relative humidity model for chloride conductivity as 
explained in Section 4.4. Table 18 shows the mean relative humidity for Wall A 
at element ages ranging up to 30 days, together with the scoring per day for the 
site cured and fully water-cured conditions. The element ages are conveniently 
grouped to facilitate the weighting process as described in Step 2. 
STEP 2: APPLYING THE HYDRATION-RATE WEIGHTING 
Based on the Hydration Rate Weighting System as set out in Section 4.5 of this 
chapter, the scoring per age grouping for the site-cured and fully water-cured 
condition is multiplied to yield the Weighted Scoring. The Weighted Element 
Score (WES) for the site-cured condition is then compared to the fully water-
cured condition and expressed as a percentage attainable scoring. Thus for Wall 
A (OPC/GGBS Blend) (at 28 days) the relative humidity effect on chloride 
conductivity is calculated at 86,9% based on the fully water-cured condition, as 
set out in Table 19. 
STEP 3: EVALUATING THE ENVIRONMENTAL RATING 
Steps 1 and 2 above are repeated to develop a weighted element score for the 
Temperature and Precipitation effects. The weighting referred to in this case is to 
make allowance for curing effect at earlier age as explained in Section 4.6 of this 
chapter. Table 20 shows the weighted element scores per environmental factor 
(temperature, relative humidity and precipitation) together with the weighting to 
develop an overall rating, to characterise the cumulative effect of all the 











TABLE 18: MEAN RELATIVE HUMIDITY DATA FOR WALL A, AND THE SCORING FOR 
BOTH SITE-CURED AND FULLY WATER-CURED ELEMENTS. 
Eo< ~ E ~ Eo< \!) \!) Eo< Ii&l >- Eo< \!) \!) z z Z I Q Z Z ~ > Eo< z z I Q Z 
~s ~s 
......
Ii&l ~ e Ii&l iii! tl ~ iii! ~~e ~ iii! tl ~ iii! ~ 0 Ii&l< ~....:l~ ~ U ~~O Ii&l< ....:l ~ Ii&l 0 ~~O ....:l ~:S uu ....:l ~:S ....:l u UU ~ ~VJ VJ ~ ~VJ VJ 
1 89 10,0 10,0 15 76 9,5 10,0 
2 81 10,0 10,0 16 73 9,1 10,0 
3 78 9,7 10,0 17 73 9,1 10,0 
L 29,7 30,0 18 59 6,1 10,0 
4 86 10,0 10,0 19 27 0,0 10,0 
5 74 9,2 10,0 20 26 0,0 10,0 
6 78 9,7 10,0 21 64 7,7 10,0 
7 72 8,9 10,0 22 67 8,3 10,0 
L 37,9 40,0 23 79 9,9 10,0 
8 78 9,7 10,0 24 61 6,7 10,0 
9 95 10,0 10,0 25 59 6,1 10,0 
10 83 10,0 10,0 26 92 10,0 10,0 
11 86 10,0 10,0 27 87 10,0 10,0 
12 83 10,0 10,0 28 69 8,5 10,0 
13 83 10,0 10,0 29 72 8,9 10,0 
14 80 10,0 10,0 30 74 9,2 10,0 
L 69,7 70,0 L 119,0 160,0 
TABLE 19: WEIGHTED ELEMENT SCORING DATA FOR WALL A, FOR BOTH THE 
SITE-CURED AND FULLY WATER-CURED ELEMENTS. 
ELEMENT WET-CURED ELEMENT 
HYDRATION WEIGHTED WEIGHTED 
AGE SCORING SCORING 
RATE WET-CURED ELEMENT 
WEIGHTING SCORING SCORING 
1-3 30,0 29,7 30% 9,0 8,9 
4-7 40,0 37,9 20% 8,0 7,6 
8-14 70,0 69,7 15% 10,5 10,5 
15-30 160,0 119,0 15% 24,0 17,8 
51,5 44,8 
WES 86.9% 
The development of the overall weighting is explained in Section 4.2.4 of this 
chapter and the overall environmental rating is used in this project when 
evaluating the curing methods. The final overall environmental rating attempts to 
represent a single ratio of the attainable durability index achieved on-site relative 
to the fully water cured condition, should no site-curing be applied. In other 
words the overall rating for wall A of 45,2%, can be interpreted that, given the 
various environmental exposure conditions imposed on the element during the 28-
day period (assuming that no site-curing is applied), a chloride conductivity 
roughly 45% of that of the fully water cured sample is expected. This, of course, 
does not take into account the possible effects of various site-curing methods. 
The data for wall B and C are included as a comparison, having been calculated in 











It must be re-iterated that this model is preliminary and requires refinement when 
further research data is available. As mentioned previously the limitations of this 
model are broadly as follows: 
• The research data on which the model is based was developed using OPC as 
a cementitious binder, while in this project blends of OPC with GGBS, FA 
and CSF were used; and 
• The temperature and relative humidity ranges measured on-site fell outside 
the data envelope used in generating the idealised models. 
TABLE 20: FINAL OVERALL ENVIRONMENTAL RATINGS FOR WALL SERIES AT 28 
DAYS, BASED ON RESPONSE TO CHLORIDE CONDUCTIVITY. 
TEMPERA- RELATIVE PRECIPI-
OVERALL 
ELEMENT TURE WF HUMIDITY WF TATION WF 
SCORING SCORING SCORING 
RATING 
WALLA 122,5% 20% 87,0% 20% 5,4% 60% 45,2% 
WALLB 122,2% 20% 79,8% 20% 0,6% 60% 40,7% 
WALLe 123,8% 20% 84,6% 20% 5,4% 60% 44,9% 
Notwithstanding these limitations this approach is useful in characterising the effects 
of the environment on the particular Durability Index under consideration. In fact, an 
approach of this kind is essential in order to interpret the measured index values on-
site, where environmental factors have had an important influence. Without such an 
approach, much of the site data is meaningless and impossible to interpret. 
4.8 DISCUSSION OF ENVIRONMENTAL RATING RESULTS 
In this section the final environmental rating is discussed with the primary aim of 
placing the data in context and evaluating possible trends. To assist with the 
evaluation the first portion evaluates broadly the environmental rating that can be 
expected (per durability index) in three areas or regions of South Africa i.e. Cape 
Town, East London and Johannesburg. The next part reports on the 
environmental ratings developed for each test element at 28 and 120 days (for 
each durability index). To place these results in context this section evaluates the 
environmental rating development with time for the various binders and durability 
indexes. 
4.8.1 EVALUATION OF REGIONAL ENVIRONMENTAL RATING 
Based on the scoring system set out in the preceding sections of this chapter and 
on the weighting system as applied to a OPC/GGBS blend, environmental ratings 
were calculated for three towns or regions in South Africa i.e. Cape Town, 
Johannesburg and East London. These regions were selected since they exhibit 
very different seasonal variations in climate. 
Table 21 summarises the seasonal environmental data for the three regions. From 
the data it is evident that Cape Town is characterised by wet, cold winters with 
relatively high precipitation and relative humidity. The summer is dry and hot 
with lower relative humidity. Johannesburg exhibits dry, cold winters with very 
low relative humidity and precipitation. The relative humidity, although higher in 












exhibits the most consistent seasonal environmental patterns of the three regions, 
with very little seasonal variation in environmental factors. 
TABLE 21: SEASONAL ENVIRONMENTAL DATA FOR THREE REGIONS SELECTED FOR 
REGIONAL COMPARISON. 
SPRING SUMMER AUTUMN WINTER 
PRECIPITATION 84mm 49mm 130mm 252mm 
TEMPERATURE 8,7°C - 23,5°C 13,2°C - 26,5°C 9,4°C - 25,4°C 7,0°C-18,I°C n 
RELATIVE ~ 
HUMIDITY 
71% -77% 70%-72% 74% - 81% 79%- 81% 
PRECIPITATION 216mm 320mm 158mm 19mm 
TEMPERATURE 9,3°C - 24,2°C 13,9°C - 25,6°C 7,2°C - 18,9°C 4,I°C-19,4°C i RELATIVE 
HUMIDITY 
48%- 65% 67%-71% 57%-70% 45%- 53% 
PRECIPITATION 292mm 224mm 240mm 165mm 
TEMPERATURE 12,0°C - 20,7°C 16,3°C - 25,5°C 12,6°C - 24,8°C 10,3°C - 21,I°C l"l 
RELATIVE ~ 
HUMIDITY 
77% - 81% 78%- 82% 73%- 82% 67% -71% 
A ninety-day element age was selected to conveniently span the seasonal cycle. 
The spring cycle starts in September and ends in November, the summer cycle 
starts in December and ends in February. The autumn cycle begins in March and 
ends in May, while the winter cycle begins in June and terminates in August. The 
environmental data used was mean monthly data as compiled from hourly values 
in an observation period from 1931 to 1990, as recorded by the South African 
Weather Bureau32• The average humidity and temperature were assumed constant 
per day for each month, and the average monthly precipitation was spread evenly 
over each day of the month, to simplify the approach. The precipitation scoring 
was also simplified in that only a volume component was used (no duration 
component was applied). 
In the figures that follow the environmental rating is plotted on the Y-axis against 
season on the X-axis for each durability index, for the three regions. 
Figure 14 shows the 90-day Environmental Rating for Chloride Conductivity, 
plotted against the four seasons for OPC/GGBS concretes for the three regions. 
Discussion 
The Chloride Conductivity Index is the least sensitive of the three indexes to 
environmental variation. This is evident from the relatively consistent 
environmental ratings as shown in Figure 14. The rating for East London is more 
constant over the four seasons than the rating for Johannesburg, due to the 
absence of the climatic extremes that Johannesburg experiences. 
The Water Sorptivity Index is the most sensitive of the three indexes to change in 
relative humidity. Figure 15 is consistent with this in that both East London and 
Johannesburg exhibit a reduced rating for winter (they both have reduced mean 
relative humidities during this period). In contrast, Cape Town exhibits a marked 












Figure 15 shows the 9O-day Environmental Rating for Water Sorplivity, plotted 
against the four seasons for OPC/GGBS concretes for the three regions_ 
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FIGURE 14: ENYIRON"mNTAL RATINGS FOR CHLORIDE CONDUCTIYITY PLOTTED 
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The oxygen penneability index is the most sensitive of the three mdcxes to 
changes in temperature, Figure 16 is consistent with this in that 10hannesburg 
exhibits a substantially reduced rating for winter and spring (a period 
characterised by low temperatures anJ low relative humiJities). In contrast. Cape 
Town exhibits a fairly consistent rating for the four seasons. The winter rating for 
Cape To\\n is sustained by high relative humidity and precipitation.. despite the 
lower temperature, whereas in spring, temperatures are still fairly low while 
humidity and precipitation have reduced. 
The environmental rating results SIIO\VIl in Figures 14 to 16 indicate that the 
overall approach, while tentative and limited at this stage, has value. It is able to 
combine the three important environmental factors (temper,dure, relative humidity 
anJ precipitation) into an overall rating, which also takes account of the different 
binders used in the concrete. This lalier factor cannot be neglected, since the 
varions binders have different rates of hydration. While the evaluation in tllis 
section is developed for OPC/GGBS concrete only, the seasonal environmental 
ratings for OPDFA and OPC/CSF concretes will vary but follow the same bread 
trenJs. The figures also show clearly the difference between a mild. temperate 
climate such as East LollJon. a temperate climate I'.;(h much larger extremes such 
as occurs in 10harmesburg, and a climate with colJ wet winters and hot dry 
summers such as occurs in Cape Town. Thus casting concrete in Cape Town in 
winter would general ly proviJe the best achievable durability indexes, while 
exactly the opposite applies to Johannesburg. Summer anJ Autumn would be the 
most favourable periods fur concrete openttions in East Lomlon. 
Figure 16 shows the 9O-day Environmental Rating Jata for oxygen permeability, 
plotteJ against the four seasons for OPC/GOBS concretes for the three regions. 
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Based on the observations and discussions above the following can be concluded: 
• An environment that is characterised by having a high relative humidity, 
and absence of low temperatures and large fluctuation in environmental 
conditions is most suited to achieving consistent environmental ratings. The 
more moderate environment in East London, for example, yields a higher 
environmental rating than Johannesburg, which experiences greater 
environmental extremes. 
4.8.2 EVALUATION OF ENVIRONMENTAL RATING FOR TEST ELEMENTS 
Based on the scoring system set out in the preceding sections of this chapter and 
on the weighting system as applied to the various binders, the environmental 
ratings were calculated for the test elements at 28 and 120 days, per durability 
index. Table 22 summarises the environmental rating for the test elements at 28 
and 120 days, per binder type and for each durability index. 
4.8.3 DEVELOPMENT OF ENVIRONMENTAL RATING WITH TIME 
In order to place the results in Section 4.8.2 in context, and to assist with 
evaluating the variation between the 28 and 120-day results, the development of 
the environmental rating with time, per binder type and for each durability index, 
is examined. 
The model is developed for two seasonal cycles, an autumn - winter cycle 
commencing in May 1997 and ending in August 1997 and a spring - summer 
cycle commencing in November 1997 and ending in February 1998. The 
environmental rating development with time terminates at an element age of one 
hundred and twenty days. The environmental data used was mean monthly data 
as compiled from hourly values in an observation period from 1931 to 1990, 
recorded by the South African Weather Bureau32• The average humidity and 
temperature were assumed constant per day for each month, and the average 
monthly precipitation was spread evenly over each day of the month, to simplify 
the approach. The precipitation scoring was also simplified in that only a volume 
component was used (no duration component was applied). Table 24 compares 
the mean monthly data for East London as measured on-site from April 1997 to 
March 1998 and the mean data compiled by the South African Weather Bureau32. 
It was decided to use the data as compiled by the South African Weather 
Bureau32, since the observation period was longer (compared to the site 











TABLE 22: ENVIRONMENTAL RATING TO DURABILITY INDEXES, FOR 28 AND 120-
DAY AGES, PER BINDER. 
CHLORIDECONDUCTnnTY 
GGBS SAt SA2 SAJ SA4 WA 
CIl 
47,4% 42,8% 45,0% 41,5% 45,2% 
~ FA SBt SB2 SB3 SB4 WB 
~ 44,2% 43,9% 44,5% 41,3% 40,7% 
OC) 
N CSF SCt SC2 SC3 SC4 WC 
39,7% 44,7% 41,4% 40,5% 44,9% 
GGBS SAt SA2 SAJ SA4 WA 
CIl 
45,7% 43,5% 43,6% 42,4% 44,5% 
~ FA SBt SB2 SB3 SB4 WB 
= 43,1% 44,0% 43,2% 42,5% 41,8% N CSF SCt SC2 SC3 SC4 WC ~ 
40,7% 44,6% 42,1% 41,5% 44,5% 
WATER SORPTIVITY 
GGBS SAt SA2 SAJ SA4 WA 
IZl 62,0% 53,6% 59,8% 61,7% 61,5% 
~ FA SBt SB2 SB3 SB4 WB 
Q 55,1% 56,3% 57,4% 60,5% 55,3% 
00 CSF SCt SC2 SC3 SC4 WC N 
50,7% 55,1% 49,3% 58,0% 54,7% 
GGBS SAt SA2 SAJ SA4 WA 
IZl 59,0% 57,8% 61,5% 62,9% 58,6% 
~ FA SBt SB2 SB3 SB4 WB 
Q 56,0% 60,0% 61,7% 62,7% 55,3% = N CSF SCt SC2 SC3 SC4 WC 
~ 
53,2% 56,8% 53,5% 60,0% 55,9% 
OXYGEN PERMEABILITY 
GGBS SAt SA2 SAJ SA4 WA 
IZl 21,4% 8,4% 25,8% 34,3% 19,1% 
~ FA SBt SB2 SB3 SB4 WB 
Q 16,3% 8,9% 23,4% 33,9% 15,0% 
00 CSF sct SC2 SC3 SC4 WC N 
20,5% 8,5% 15,8% 30,6% 14,7% 
GGBS SAt SA2 SAJ SA4 WA 
IZl 16,9% 12,6% 32,8% 38,2% 15,2% 
~ FA SBt SB2 SB3 SB4 WB 
Q 14,5% 14,9% 34,0% 38,6% 12,9% = N CSF SCt SC2 SC3 SC4 WC 
~ 
19,1% 11,9% 22,4% 32,9% 14,5% 
Table 23 details the casting date for each of the test elements and also indicates 
the separation of the elements into two convenient seasonal cycles i.e. autumn-











TABLE 23: CASTING DATES FOR TEST ELEMENTS, SHOWN SEPARATED INTO Two 
SEASONAL CYCLES. 
AUTUMN - WINTER SPRING - SUMMER 
CYCLE CYCLE 
(MAY '97 - AUG '97) (Nov '97 - FEB '98) 
CASTING DATE CASTING DATE 
WALLA 30 APRIL '97 
SLABAl 07 MAY '97 
WALLB 13 MAY '97 
SLABBl 14 MAY '97 
SLABCl 16 MAY '97 
WALLC 20 MAY '97 
SLABA2 27 JUNE '97 
SLABB2 28 JUNE '97 
SLABC2 29 JUNE '97 
SLABA3 15 NOV '97 
SLABB3 16 NOV '97 
SLABC3 17 NOV '97 
SLABA4 12 DEC '97 
SLABB4 13 DEC '97 
SLABC4 15 DEC '97 
TABLE 24: MEAN ENVIRONMENTAL DATA (RELATIVE HUMIDITY, PRECIPITATION 
AND TEMPERATURE) MEASURED ON-SITE, COMPARED WITH MEAN DATA AS 














(%) (mm) (Oc) 
(%) (mm) (Oc) 
SAWB SAWB SAWB 
APRIL '97 82 78 196 83 20,1 20,4 
MAy '97 73 73 111 52 17,6 17,6 
JUNE '97 69 67 181 40 15,7 15,9 
JULY '97 71 68 18 47 14,9 15,6 
AUG '97 77 71 31 78 16,1 15,6 
SEPT '97 78 78 9 80 17,1 16,3 
OCT '97 74 77 73 102 18,5 17,0 
Nov '97 74 81 120 110 18,9 18,2 
DEC '97 78 78 4 63 20,6 20,3 
JAN '98 77 81 58 69 21,7 21,6 
FEB '98 82 82 44 92 22,9 21,7 
MAR '98 82 82 189 105 21,2 20,9 
Figures 17 to 19 show the environmental rating development with time, for 
chloride conductivity, water sorptivity and oxygen permeability for each binder 
type. The environmental rating is plotted on the Y-axis against age on the X-axis 
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FIGURE 17: ENVIRONMENTAL RATINGS DEVELOPMENT WITH TIME FOR CHLORIDE 
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FIGURE 18: ENVIRONMENTAL RATINGS DEVELOPMENT WITH TIME FOR WATER SORPTIVITY, FOR 
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FIGURE 19: ENVIRONMENTAL RATINGS DEVELOPMENT WITH TIME FOR OXYGEN PERMEABILITY 













For both cycles the environmental rating develops largely within the first three 
days of casting. The changes from that point forward are generally small in 
relation to the early age increase in environmental rating. This reinforces the 
crucial nature of the early age curing history of the concrete, indicating that 
essentially it is in this period that the durability properties will be developed. 
4.8.3.2 Chloride Conductivity 
4.8.3.2.1 Autumn-Winter Cycle 
Precipitation yielded the lowest contribution to the total environmental rating for 
all binder types (3%) and remained unchanged with time. The contribution of 
relative humidity at 28 days is 20% for all the binders, and reduces to 17% at 120 
days for GGBS and FA concretes and 19% for CSF concretes. The decrease in 
contribution made by the relative humidity is due to the reduction in relative 
humidity with the onset of winter in East London. This reduction is more evident 
for the GGBS and FA concretes than the CSF concretes due to the hydration rate 
weighting. The contribution made by temperature is consistent at 25% for both 28 
days and 120 days for all the concrete types. The reason for this is that the 
temperature remains below 18°C and thus effects a maximum scoring in terms of 
chloride conductivity (refer Section 4.4). 
The total environmental rating reduces from 47% at 28 days to 45% at 120 days, 
for GGBS and FA concretes and from 50% at 28 days to 48% at 120 days for CSF 
concretes. By comparison the environmental ratings for the test elements range 
from 42,8% to 47,4% at 28 days and 43,5% to 45,7% at 120 days for GGBS 
concretes; from 40,7% to 44,2% at 28 days and 41,8% to 44,0% at 120 days for 
FA concretes; and from 39,7% to 44,9% at 28 days and 40,7% to 44,6% at 120 
days for CSF concretes. This represents a very good correlation with the results 
as presented in Figure 16. 
4.8.3.2.2 Spring-Summer Cycle 
Precipitation yielded the lowest contribution to the total environmental rating for 
all binder types (5%) and remained unchanged with time. The increase in the 
contribution when compared to the autumn-winter cycle is due to the increase in 
precipitation in the spring-summer cycle. 
The contribution of relative humidity is consistent at 20% for both 28 days and 
120 days for all the binder types. The reason for this is that the relative humidity 
remains above 80% for the spring-summer cycle and thus effects a maximum 
scoring in terms of chloride conductivity. The contribution made by temperature 
reduces slightly from 25% at 28 days, to 23% at 120 days for all the binder types. 
The reason for this is that the temperature increases with the onset of summer in 
East London, thus reducing the scoring for chloride conductivity. 
The total environmental rating reduces from 50% at 28 days to 47% at 120 days, 
for GGBS and FA concretes. For CSF concretes the total environmental rating 











environmental ratings for the test elements range from 41,5% to 45,0% at 28 days 
and 42,4% to 43,6% at 120 days for GGBS concretes; from 41,3% to 44,5% at 28 
days and 42,5% to 42,2% at 120 days for FA concretes and from 40,5% to 41,4% 
at 28 days and 41,5% to 42,1% at 120 days for CSF concretes. This represents a 
reasonable correlation with the results presented in Figure 16, but the element 
ratings are lower than the results presented in the figure. The mean monthly 
relative humidity measured on-site in November 1997 was 74%, while 81 % was 
used in developing the rating duration model (obtained from the South African 
Weather Bureau32). This accounts for the lower environmental ratings obtained 
by the test elements over this cycle. It must also be noted that the element ratings 
are calculated on recorded daily mean data (not monthly means) which also can 
influence the environmental rating, particularly if large variations in 
environmental factors occur in the first three days after casting. 
4.8.3.3 Water Sorptivity 
4.8.3.3.1 Autumn-Winter Cycle 
Precipitation yielded the lowest contribution to the total environmental rating for 
all concrete types (2%) and remained unchanged with time. The contribution of 
relative humidity at 28 days is 26% for all the concretes, and reduces to 16% at 
120 days for GGBS concretes, 13% for FA concretes and 22% for CSF concretes. 
The decrease in contribution made by the relative humidity is due to the reduction 
in relative humidity with the onset of winter in East London. This reduction is 
more evident for the GGBS and FA concretes than the CSF concretes due to the 
hydration rate weighting. The contribution made by temperature is consistent at 
40% for both 28 days and 120 days for all the concrete types. The reason for this 
is that the temperature remains bel w 18°C and thus effects a maximum scoring 
for water sorptivity (refer Section 4.4). 
The total environmental rating reduces from 68% at 28 days for all concretes to 
58% at 120 days for GGBS concretes, 53% for FA concretes and 63% for CSF 
concretes. By comparison the environmental ratings for the test elements range 
from 53,6% to 62,0% at 28 days and 57,8% to 59,0% at 120 days for GGBS 
concretes; from 55,1 % to 56,3% at 28 days and 55,3% to 60,0% at 120 days for 
FA concretes and from 50,7% to 55,1% at 28 days and 53,2% to 56,8% at 120 
days for CSF concretes. At 28 days the correlation between the test element 
environmental rating and the rating development model is poor. This is contrary 
to what is anticipated considering that the mean relative humidity measured on-
site is larger than the results used to develop the model. Considering that the test 
element ratings are calculated on measured daily mean environmental rating 
results (not monthly means), this is plausibly the cause of the large variation 
noted. For the first seven days after casting the measured daily mean relative 
humidity ranges from 26% to 79% for Slab Cl (rating of 50,7% at 28 days), while 
the monthly mean is 73% (May 1997). Thus large variations in relative humidity 
within the early age curing history of test element, results in reduced 
environmental rating as noted here. At 120 days the correlation is better due to 











4.8.3.3.2 Spring-Summer Cycle 
Precipitation yielded the lowest contribution to the total environmental rating for 
all concrete types (4%) and remained unchanged with time. The increase in the 
contribution when compared to the autumn-winter cycle is due to the increase in 
precipitation in the spring-summer cycle in East London. 
The contribution of relative humidity is consistent at 20% for both 28 days and 
120 days for all the concrete types. The reason for this is that the relative 
humidity remains above 80% for the spring-summer cycle and thus effects a 
maximum scoring for water sorptivity. As for relative humidity the contribution 
made by temperature remains constant with age at 40%, for the same reason. The 
total environmental rating remains constant at 72% at 28 days and 120 days, for 
all the concretes. By comparison the environmental ratings for the test elements 
range from 59,8% to 61,7% at 28 days and 61,5% to 62,9% at 120 days for GGBS 
concretes; from 57,4% to 60,5% at 28 days and 61,5% to 62,9% at 120 days for 
FA concretes and from 49,3% to 58,0% at 28 days and 53,5% to 60,0% at 120 
days for CSF concretes. As for the autumn-winter cycle the poor correlation 
noted here (between the rating for the test elements and the rating development 
model), is due to changes in relative humidity within the early age curing history. 
The mean daily relative humidity for Slab 3 (rating of 49,3% at 28 days) ranged 
from 49% to 73% in the first seven days after casting, while the mean monthly 
relative humidity is 81 % (November 1997). 
4.8.3.4 Oxygen Permeability Index 
4.8.3.4.1 Autumn-Winter Cycle 
Precipitation yielded the lowest contribution to the total environmental rating for 
all concretes types (2%) and remained unchanged with time. The contribution of 
relative humidity at 28 days is 9% for all the binders, and reduces to 7% at 120 
days for GGBS and FA concretes and 8% for CSF concretes. The decrease in 
contribution made by the relative humidity is due to the reduction in relative 
humidity with the onset of winter. This reduction is more evident for the GGBS 
and FA concretes than the CSF concretes due to the hydration rate weighting. 
The contribution made by temperature reduces from 10% at 28 days (for all the 
binders) to 5% at 120 days for GGBS and FA concretes and 8% for CSF concretes 
at 120 days. 
The total environmental rating reduces from 22% at 28 days for all the concretes 
to 14% for GGBS concretes and FA concretes and 18% for CSF concretes at 120 
days. By comparison the environmental ratings for the test elements range from 
8,4% to 21,4% at 28 days and 12,6% to 16,9% at 120 days for GGBS concretes; 
from 8,9% to 16,3% at 28 days and 12,9% to 14,9% at 120 days for FA concretes; 
and from 8,5% to 20,5% at 28 days and 11,9% to 19,1% at 120 days for CSF 
concretes. At 28 days the correlation between the test element environmental 
rating and the rating development model is poor. This is largely due to the lower 
limit of the range i.e. 8,4% (GGBS - SA2), 8,9% (FA - SB2) and 8,5% (CSF -
SC2). The upper limit of the results correlates very well with the rating 
development model. In the first seven days after casting the measured daily mean 
temperature ranges from 1O,6°C to 14,2°C (Slab C2), 1O,6°C to 15,0°C (Slab B2) 











than those measured for the other test elements and this is anticipated given that 
they were cast towards the end of June 1997. This yields the low environmental 
ratings evident for the test elements. At 120 days the correlation is better due to 
the lesser weighting in terms of hydration rate. 
4.8.3.4.2 Spring-Summer Cycle 
Precipitation yielded the lowest contribution (3%) to the total environmental 
rating for all concrete types and remained unchanged with age. The increase in 
the contribution when compared to the autumn-winter cycle is due to the increase 
in precipitation in the spring-summer cycle. The contribution of relative 
humidity is consistent at 10% for both 28 days and 120 days for all the binder 
types. The reason for this is that the relative humidity remains above 80% for the 
spring-summer cycle and thus effects a maximum scoring in terms of oxygen 
permeability. The contribution oftemperature increases from 16% at 28 days (for 
all the binders) to 22% at 120 days for GGBS concretes and FA concretes and 
19% for CSF concretes at 120 days. The increase in the contribution made by 
temperature is due to the increase in temperature with the onset of summer in East 
London, the sensitivity of oxygen permeability scoring to temperature and the 
variation between binders is due to the hydration rate weighting. 
The total environmental rating increases from 30% at 28 days for all the concretes 
to 35% for GGBS and FA concretes and 32% for CSF concretes at 120 days. By 
comparison the environmental ratings for the test elements range from 25,8% to 
34,3% at 28 days and 32,8% to 38,2% at 120 days for GGBS concretes; from 
23,4% to 33,9% at 28 days and 34,0% to 38,6% at 120 days for FA concretes; and 
from 15,8% to 30,6% at 28 days and 22,4% to 32,9% at 120 days for CSF 
concretes. While the value of the environmental rating varies considerably and 
does not correlate very well with the rating development model, the same trends 
are evident i.e. the increase in rating with element age. The reason for the large 
variation in environmental rating for the test elements is due to the changes in 
mean daily temperature measured on-site. 
4.9 CONCLUSIONS 
Based on the observations and discussions above the following can be concluded: 
• Considering the data for environmental rating for the test elements, the 
assumptions made in developing the characterisation system appear to be 
validated by the regional results. Notwithstanding this a substantial amount 
of work is still required to refine the system; and 
• When considering the durability indexes presented in subsequent chapters it 
must be noted that in a regional context East London (hence the test 
elements) has an environment favourable to the development of superior 
durability. By contrast, had this study been undertaken in Johannesburg it 
would be expected that in winter and spring substantially lower ratings 
would have been achieved. In other words with the same curing effort 











GENERAL PREFACE TO CHAPTERS 5, 6 & 7 
1. INTRODUCTION 
This section outlines the general structure and objectives of chapters 5, 6 and 7. 
The main objectives of the project are also briefly restated. 
The primary objective of the project was to measure the durability indexes 
(chloride conductivity, water sorptivity and oxygen permeability) in typical site 
conditions and to attempt to establish the effect of two "primary variables" (i.e. 
binder type and curing method). The ultimate aim is to expand our understanding 
on how to achieve durable concrete by intelligent use of both binder type and 
curing methodology. 
The influence of four further variables were also analysed, namely, waterlbinder 
ratio, change in cement manufacture specification, climatic/environmental effects, 
and element age. These are considered to be "secondary variables". This term 
does not indicate that these variables are of lesser importance than the "primary 
variables", but that they were ancillary to the primary objective of determining the 
effects of binder type and curing method on the durability. These "secondary 
variables" are briefly discussed below. 
At the outset, the aim of the project was to produce a series of test elements using 
three binder types within a narrow window of compressive strength. Due to the 
varied strength performance of the binder types, the waterlbinder ratio was not 
constant for all test elements. 
Two series of test elements were cast (walls and slabs) for each binder type, with 
different design compressive strengths for the two elements at 28 days. Given the 
different design compressive strength this also resulted in different waterlbinder 
ratios between the various test elements of the same binder type. In other words 
the wall series had a particular waterlbinder ratio and the slabs a different one, 
which varied for the binder type used. For the wall series only one test element 
was cast, while for the slabs four elements were cast (the number of test elements 
cast matches the casting duration of the modelled structures). This means that 
given the information available only a limited evaluation with respect to 
waterlbinder ratio is possible. 
During the casting of the test elements the specification governing the 
manufacture of Ordinary Portland Cement changed in South Africa. This resulted 
in the walls and slab 1 and 2 series being cast using "OPC" (manufactured in 
accordance with the "old" specification), while slab 3 and 4 series were cast using 
"CBM I 42,5" (manufactured in accordance with the newly adopted specification.) 
This could have had an influence on the parameters measured and must be 
considered in the analysis ofthe data. 
Due to the location of the test elements they were exposed to variations in 
temperature, humidity and precipitation. With the limited information presently 











approach adopted is to prepare a "preliminary" environmental characterisation 
system. The system was described in detail in chapter 4, and attempts to quantify 
the relative effect of the environment across the full range of test elements. 
At the outset of the project the age for coring the samples was set at 28 days. 
After scrutinising the first batch of results it was decided to repeat coring at 120 
days, to assist with the evaluation of various trends and anomalies. This has 
resulted in two sets of data, which can be used to evaluate the change of particular 
parameters with element age. 
The chapters begin by focusing briefly on the effects of waterlbinder ratio on the 
durability of fully cured elements. Next, the effect of the binder type and element 
age on the durability index is evaluated using the results from the "best 
controlled" tests - i.e. the fully cured cubes. By using these results it is possible to 
limit the variables and fonnulate an understanding of how these three variables 
affect the index under consideration. 
The last section of the chapters focuses on the curing method and how this affects 
the durability indexes. This is the variable that has been tested under uncontrolled 
"site conditions" and accordingly the results must be evaluated within the broad 
framework of the environmental classification system, in an attempt to understand 
how the various curing methods affect the respective durability indexes. 
In the evaluation of all the above variables the change in cement specification is 
constantly considered, in that grouping of the related elements is discussed. 
2. WATERIBINDERRATIO 
In the chapters the link between waterlbinder ratio and the respective durability 
index is explored. The primary aim is to attempt to establish the degree to which, 
in this work, the waterlbinder ratio had an effect on durability indexes. Since 
infonnation is available for three cement extender types it may be possible to 
comment briefly on the relative sensitivity of the extender type to variation of 
waterlbinder ratio. 
The results used for comparative purposes were derived from specimens cored 
from cubes (made at the time of casting the test element) and cured in a 
temperature-controlled curing bath for the full duration period to coring at 28 or 
120 days. 
The following further variables were included in the evaluation: 
• Binder Blend Type; 
• Cement Manufacture Specification; and 
• Element Age. 
The following approach is adopted in the subsequent chapters in an attempt to 
present the data graphically, conducive to evaluation of broad trends: 
The dependant variable (the durability index under consideration) is plotted on 











Using a legend, the variation in binder blend type and cement manufacture 
specification is included on a single figure. The 28 and 120-day results are 
depicted on separate figures. 
3. BINDER TYPE 
The link between binder type and the durability index is explored in the 
subsequent chapters. The primary aim was also to attempt to establish which 
binder had the most beneficial effect on durability index, in the sense of 
improving the potential durability of the elements. 
The results used for comparative purposes are derived from specimens cored from 
cubes (made at the time of casting the test element) and cured in a temperature-
controlled curing bath for the full period prior to coring at 28 or 120 days. 
The effects of the following further variables are also included: 
• Binder Blend Type; 
• Element Age; and 
• Cement Manufacture Specification. 
The following approach is adopted in the subsequent chapters in an attempt to 
present the data graphically, conducive to evaluation of broad trends: 
The dependant variable (the durability index under consideration) is plotted on 
the Y-axis against core compressive strength on the X-axis. Core compressive 
strength is not a true independent variable, however it was selected given its 
suitability as a common base. Using a legend accommodates the variation in 
binder type and change in cement manufacture specification on a single figure. 
The element ages are considered separately at 28 and 120 days. 
4. ELEMENT AGE 
The link betwee  element age and the respective durability index is explored. The 
primary aim is to attempt to establish the degree to which the durability indexes 
change with time. The secondary aim is to attempt to establish possible trends 
with respect to change in durability index. 
The results used for comparative purposes are derived from samples cored from 
cubes (made at the time of casting the test element) and cured in temperature-
controlled curing bath for the full period prior to coring at 28 or 120 days. 
The effects of the following further variables are also included: 
• Binder Blend Type; and 
• Cement Manufacture Specification. 
The following approach is adopted in the subsequent chapters in order to present 











The dependant variable (the durability index under consideration) is plotted on 
the Y-axis against core compressive strength on the X-axis. A legend 
accommodates the variation in element age and change in cement manufacture 
specification on a single figure. The binder blend types (GGBS, FA and CSF) are 
considered separately. A "trendline" is added to indicate broadly the change in 
durability index with time. 
5 CURING METHOD 
In this section the link between curing method and durability index is explored. 
The primary aim is to attempt to establish, for each binder type how the particular 
durability index is affected by curing, and which curing method has the most 
beneficial effect. 
The results used for comparative purposes were extracted from cores from the 
various test elements at 28 days or 120 days. 
The following variables are included: 
• Binder Type; 
• Curing Method; 
• Environmental Conditions - Variation of Temperature, Relative Humidity 
and Precipitation; 
• Element Age; 
• Test Element - Walls or Slabs; and 
• Cement Manufacture Specification. 
The following approach is adopted to present the data graphically: 
The dependant variable (the durability index under consideration) is plotted on 
the Y-axis against curing method on the X-axis, with the environmental rating 
reported. The environmental rating relates the various site-cured conditions to the 
fully water-cured condition at the respective element ages. Chapter 4 explains the 
procedure to develop the environmental rating for each specific element. 
By separating Wall and Slab elements it is possible to consider the effect of 
element orientation (i.e. vertical or horizontal). It is not possible in this case to 
consider Wall and Slab elements in a single evaluation, given their different 
compressive strengths. The various binder types are shown on a single figure and 
the element ages are considered separately (28 days and 120 days). 
The change in cement manufacture specification is only evident when considering 
the Slab series, since all the Wall series were cast using cement manufactured 
under the same specification (i.e. OPC). 
The 28-day data is evaluated first since it is reasoned that the possible masking 
effect of the environment will be less pronounced at the earlier age than at 120 
days. The environmental rating system evaluates the environmental conditions as 
would be experienced in an "unshielded" or fully exposed environment. No 
cognisance is taken of the possible effect the curing method may have had on the 











will have some insulating effect on the surface of the concrete. In an attempt to 
take the effect of the different curing methods, into account, the evaluation begins 
by considering the uncured condition since this is a condition truly exposed to the 
environment. The various curing methods will obviously have "masked" the 
actual environmental conditions on the concrete elements. Therefore comparing 
the results for the various curing methods with the uncured condition will 
immediately highlight the effectiveness of the curing methods. 
6 OXYGEN PERMEABILITY 
Given that the Oxygen Permeability Index (OPI) is the negative log of the Darcy 
coefficient of permeability (k), the larger the Oxygen Permeability Index the 
smaller k and thus the more favourable the durability properties realised. This is 
in direct contrast with the chloride conductivity and water sorptivity where the 
smaller the result the more favourable the durability properties. In an attempt to 
remain consistent the Y-axis of all figures showing OPI results are inverted i.e. 
decreasing in value away from the X-axis. In chapter 7 reference is made to both 
the Oxygen Permeability and the Oxygen Permeability Index. The term Oxygen 
Permeability refers to the Darcy coefficient of permeability (k) and Oxygen 
Permeability Index to the negative log of k. Any evaluation of change in Oxygen 
Permeability Index results is based on k as also the curing reduction ratio and this 











CHLORIDE CONDUCTIVITY RESULTS 
5.1 INFLUENCE OF WATERIBINDER RATIO 
5.1.1 CHLORIDE CONDUCTIVITY RESULTS AT 28 DAYS 
Table 25 shows the waterlbinder ratios that were used to achieve a characteristic 
compressive strength of 30 MPa for the wall series and 35 MPa for the slab series, 
for the three concrete types. 
TABLE 25: W A TERIBINDER RATIOS FOR WALL AND SLAB ELEMENTS. 
BINDER TYPE WATERIBINDER RATIO 
WALL SERIES SLAB SERIES 
CEMENT/GGBS 0,50 0,46 
CEMENT/FA 0,50 0,47 
CEMENT/CSF 0,57 0,54 
Figure 20 shows the chloride conductivity results for 28-day wet-cured cubes 
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FIGURE 20: CHLORIDE CONDUCTIVITY RESULTS FOR 28-DAY WET-CURED 











For the GGBS concretes, a group of results related to the change in cement 
manufacture specification is evident. Slab 3&4 series (based on CEM I cement) 
are grouped together and so too are slab 1&2 series (based on OPC cement). The 
shift is of the order of 0,20 mS/cm and it appears that OPC cement has the effect 
of marginally reducing (i.e. improving) the chloride conductivity. Given the 
absence of a result for slab B2, it is not possible to comment on this trend 
regarding the FA concrete, however it appears feasible that it is repeated, since the 
result for slab B 1 is lower than for slab B3&4. A similar situation exists 
regarding the CSF concrete making it difficult to comment decisively on the effect 
of cement type. 
For the slab series the OPC/GGBS concrete yields the lowest chloride 
conductivity results in the range 0,25 mS/cm to 0,26 mS/cm. The OPCIFA 
concrete results are larger (poorer properties), than the OPC/GGBS concrete of 
the order of 0,42 mS/cm. The OPC/CSF result (1,58 mS/cm) is considerably 
higher (poorer properties) than the OPC/GGBS and OPCIF A concretes. 
For the slab series the CEM I1GGBS concrete yields chloride conductivity results 
in the range of 0,31 mS/cm to 0,39 mS/cm. The CEM IIF A concrete yields results 
in the range of 0,49 mS/cm to 0,61 mS/cm and the CEM I1CSF concrete yields 
chloride conductivity results in the range of 0,51 mS/cm to 0,77 mS/cm. The 
CEM I1GGBS concrete yields the lowest chloride conductivity while the result for 
the CEM IIF A concrete is noticeably larger (poorer properties), followed by the 
CEM I1CSF results. Interestingly the variation between the individual results is 
larger for CEM I concretes. 
For the wall series the OPC/GGBS concrete yield a chloride conductivity of 0,33 
mS/cm. (No data is available for either the GGBS or FA concretes for the wall 
series). 
As a general characterisation33, chloride conductivity below 0,75 mS/cm is 
considered to provide "Excellent" durability properties, above 0,75 mS/cm and 
below 1,5 mS/cm is considered "Good" and above 1,5 mS/cm is considered 
"Poor". All of the results for GGBS and FA concretes satisfy or exceed the 
"Excellent" durability category. For the CSF concretes the results vary from 
"Excellent" to "Poor". 
Ignoring the results for samples cast using CEM I cement and broadly comparing 
the results for slabs and walls cast using OPC cement (only possible for 
OPC/GGBS), it is noted that as the waterlbinder ratio decreases (the quantity of 
binder increases) the chloride conductivity reduces (i.e. improved properties). 
When comparing the above data with currently available chloride conductivity 
data, from the Western Capel8, for 28-day wet-cured samples, it was noted that 
the GGBS concretes exhibited similar results. The FA concrete results, for this 
project, were however noticeably lower (of the order of three times) and the CSF 
concrete results, for this project, were somewhat poorer (of the order of three 
times). This variation confirms the influence of the material (course and fine 











5.1.2 CHLORIDE CONDUCTIVITY RESULTS AT 120 DAYS 
Figure 21 shows the chloride conductivity results for 120-day wet-cured cubes 
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FIGURE 21: CHLORIDE CONDUCTIVITY RESULTS FOR 120-DAY WET-CURED 
CUBES, PLOTTED AGAINST W ATERIBINDER RATIo. 
For all three the concrete types, a group of results related to the change in cement 
manufacture specification is evident, with a distinct grouping of the slab 3&4 
series and slab 1&2 series. The shift is of the order of 0,20 mS/cm and the OPC 
cement has the effect of marginally reducing (i.e. improving) the chloride 
conductivity. It appears that the FA concretes exhibit the most sensitivity to the 
change in cement manufacture specification (exhibit the largest shift between the 
grouping of results). 
For the slab series the OPC/GGBS concrete yields chloride conductivity results in 
the range of 0,13 mS/cm to 0,19 mS/cm at 120 days. The OPCIFA concrete 
yields results in the range of 0,11 mS/cm to 0,17 mS/cm and OPC/CSF concrete 
in the range of 0,55 mS/cm to 0,62 mS/cm. The OPC/GGBS and OPCIFA 
concretes yield the lowest chloride conductivity while the result for the OPC/CSF 
concretes are noticeably larger (poorer properties). 
For the slab series the CEM I1GGBS concrete yield chloride conductivity results 
in the range of 0,25 mS/cm to 0,26 mS/cm. The CEM IIF A concrete yield a result 
of 0,31 mS/cm and CEM I1CSF concrete yields results in the range of 0,70 mS/cm 
to 0,76 mS/cm. The CEM I1GGBS and CEM IIFA concretes yields the lowest 
chloride conductivity while the result for the CEM I1CSF concrete is noticeably 
larger (poorer properties. Interestingly the variation between the individual 











For the wall series the OPC/GGBS concrete yield a chloride conductivity of 0,24 
mS/cm, OPCIF A concrete 0,17 mS/cm and OPC/CSF concrete 0,79 mS/cm. For 
the GGBS and FA concretes all of the results satisfy or exceed the "Excellent" 
durability category. For the CSF concrete the results range from "Excellent" to 
"Good". 
Ignoring the results for samples cast using CEM I cement and broadly comparing 
the results for slabs and walls using OPC cement it is noted that as the 
waterlbinder ratio decreases (the quantity of binder increases) the chloride 
conductivity reduces (improved properties). OPCIFA concrete exhibited the least 
change in chloride conductivity with change in waterlbinder ratio while both 
OPC/GGBS and OPC/CSF concretes exhibited a larger change in chloride 
conductivity with change in waterlbinder ratio. 
Interestingly the influence of the material properties is still evident at 120 days, 
however in this case it is not possible to comment on the spread of results given 
the absence of 120-day data from other current research data in South Africa. 
5.1.3 CONCLUSIONS RELATING TO THE INFLUENCE OF WATERIBINDER RATIO 
Based on the observations and discussion, the following can be concluded: 
• To achieve a specified compressive strength the waterlbinder ratio can be 
increased by the use of CSF as a cement extender; 
• The GGBS concretes exhibit noticeably lower results for chloride 
conductivity at 28 days, when compared with FA and CSF concretes. 
However at 120 days the chloride conductivity for FA concretes has reduced 
such that both GGBS and FA concretes exhibit essentially similar chloride 
conductivity, substantially lower than CSF concretes; 
• The use of OPC cement resulted in lower chloride conductivity at 28 and 
120 days, when compared with CEM I cement; and 
• Change in waterlbinder ratio within the range of 0,57 to 0,46 has the effect 
of reducing the chloride conductivity, as the ratio is reduced, for fully water-
cured concrete samples with OPC cement. 
5.2 INFLUENCE OF BINDER TYPE 
5.2.1 CHLORIDE CONDUCTIVITY RESULTS AT 28 DAYS 
Figure 22 shows the chloride conductivity results for 28-day wet-cured cubes, 
plotted against the respective core compressive strengths for the three binder 
types. 
In general the OPC/GGBS and OPCIFA concretes show improved (i.e. lower) 
chloride conductivity results. Given the absence of a full data set it is not possible 
to comment on all the concretes in this regard. The range in chloride conductivity 
results is very low over the range in compressive strengths shown for GGBS 
concretes (both OPC and CEM I cements), while both FA and CSF concretes 
exhibit a larger range in chloride conductivity results, with CSF the largest. The 
GGBS concrete also clearly exhibits the lowest (most favourable) chloride 
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FIGURE 22: CHLORIDE CONDUCTIVITY RESULTS FOR 28-DAY WET-CURED 
CUBES, PLOTTED AGAINST 28-DA Y COMPRESSIVE CORE STRENGTHS. 
5.2.2 CHLORIDE CONDUCTIVITY RESULTS AT 120 DAYS 
Figure 23 shows the chloride conductivity results for 120-day wet-cured 
concretes, plotted against the respective core compressive strengths for the three 
binder types. 
In comparison with Figure 22, the range of chloride conductivity results reduces 
at the later age and lies in a lower band for GGBS and FA concretes. The chloride 
conductivity results for CSF concretes have exhibited a marginal change from 28-
days to 120 days. The FA concretes exhibit the largest change in results with age 
such that they have reduced to be essentially indistinguishable from the GGBS 
concretes. This observation was also noted in the general research programme, 
currently underway at the Universities of Cape Town and Wits. It has been 
concluded that to undertake 28-day chloride conductivity determination for FA 
concretes, underestimates the potential durability of these concretes since the 
durability properties continue to develop with time, beyond 28 days. The OPC 
and CEM I cement results are clearly separated, with OPC cement yielding the 
lower (more favourable) results. 
5.2.3 CONCLUSIONS RELATING TO THE INFLUENCE OF BINDER TYPE 
Based on the observations and discussion the following can be concluded: 
• The 28-day chloride conductivity results for GGBS concretes are the most 
favourable followed by the FA concretes, both falling within the "Excellent" 
durability category. The CSF concretes yield the poorest results at 28 days 











• At 120 days the FA and GGBS concretes yield the lowest chloride 
conductivity results (all within the "Excellent" durability category) followed 
by CSF concretes, exhibiting substantially poorer results (in the "Good" 
durability category); 
• For both 28-day and 120-day there was a marked shift between the results 
for OPC and CEM I cement, with OPC cements exhibiting the lower (more 
favourable) results; and 
• The influence of binder type is evident for well-cured concretes in the 
strength ranges given. At 28 days the distinction between the three 
concretes is evident, however at 120 days the results for GGBS and FA 
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FIGURE 23: CHLORIDE CONDUCTIVITY RESULTS FOR 120-DAY WET-CuRED 
CUBES, PLOTTED AGAINST 120-DA Y COMPRESSIVE CORE STRENGTHS. 
5.3 INFLUENCE OF ELEMENT AGE 
5.3.1 GGBS CONCRETES 
Table 26 shows the change in chloride conductivity with time for wet-cured 
cubes. 
Figure 24 shows the 28-day and 120-day chloride conductivity results for the wet-
cured cubes, plotted against the respective core compressive strengths for GGBS 
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FIGURE 24: CHLORIDE CONDUCTIVITY RESULTS FOR GGBS CONCRETES AT 28 & 
120 DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CURED CUBES. 
For the GGBS concretes there is a marked trend of chloride conductivity reducing 
with increasing strength. In effect the chloride conductivity reduces with age, and 
the compressive strength increases with age, under fully water-cured conditions. 
5.3.2 FA CONCRETES 
Table 27 shows the change in chloride conductivity with time for wet-cured 
cubes. 
For the FA concretes there is a marked trend of chloride conductivity reducing 
with a increasing strength. In effect the chloride conductivity reduces with age, 












TABLE 27: CHLORIDE CONDUCTIVITY RESULTS AT 28 AND 120 DAYS, FOR SLAB B 
SERIES. 
CHLORIDE CHLORIDE 
ELEMENT CONDUCTIVITY @ 28 CONDUCTIVITY @ 120 
DAYS (mS/cm) DAYS (mS/cm) 
SLABBI 0,42 0,17 
SLABB2 (Outlier) 0,12 
SLABB3 0,49 0,31 
SLABB4 0,61 0,31 
Figure 25 shows the 28-day and 120-day chloride conductivity results for wet-
cured cubes, plotted against the respective core compressive strengths for FA 


































FIGURE 25: CHLORIDE CONDUCTIVITY RESULTS FOR FA CONCRETES AT 28 & 
120 DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CURED CUBES. 
5.3.3 CSF CONCRETES 
Table 28 shows the change in chloride conductivity with time for wet-cured 
cubes. 
Given the limited results, it appears that the chloride conductivity does not change 
appreciably with time from 28 days to 120 days - an observation that also holds 
true for compressive strength. The use of CSF as an extender induces more rapid 
hydration in the first 28 days with little change thereafter. The compressive 
strength result for slab C4 at 120 days appears somewhat questionable in that it 











TABLE 28: CHLORIDE CONDUCTIVITY RESULTS AT 28 AND 120 DAYS, FOR SLAB C 
SERIES. 
CHLORIDE CHLORIDE 
ELEMENT CONDUCTIVITY @ 28 CONDUCTIVITY @ 120 
DAYS (mS/cm) DAYS (mS/cm) 
SLABCl No data 0,55 
SLABC2 1,58 0,62 
SLABC3 0,77 0,76 
SLABC4 0,51 0,70 
Figure 26 shows the 28-day and 120-day chloride conductivity results for wet-
cured cubes, plotted against the respective core compressive strengths for CSF 
concretes. Note that for this figure both the OPC and CEM I are combined in a 
single legend. While the result for SC2 at 28 days was evaluated to be statistically 
acceptable, in developing a linear regression it represented a discontinuity. It was 
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FIGURE 26: CHLORIDE CONDUCTIVITY RESULTS FOR CSF CONCRETES AT 28 & 
120 DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CeRED CUBES. 
Given the degree of scatter in the results, there is a marked trend of chloride 
conductivity reducing with age, coupled with an increase in compressive strength 
with age, depending on concrete type. In comparison to the GGBS and CSF 
concretes a much larger increase in compressive strength is evident for FA 
concretes. GGBS concretes exhibited an increase of approximately 10 MPa, CSF 
concretes remained effectively unchanged while FA concretes exhibited an 











5.3.4 CONCLUSIONS RELATING TO THE INFLUENCE OF ELEMENT AGE 
Based on the observations and discussion the following can be concluded: 
• The FA and GGBS concretes show a definite trend of chloride conductivity 
reducing with time (from about 0,30 mS/cm to 0,20 mS/cm for GGBS 
concretes and from about 0,50 mS/cm to 0,25 mS/cm for FA concretes). 
Clearly the FA concretes exhibit a more noticeable reduction. While the 
results for the individual elements were scattered, the general trend is well 
established. Compressive strength also increased substantially with time for 
FA and GGBS concretes; 
• The results for the CSF concretes exhibit very little change with time, for 
either chloride conductivity or compressive strength; and 
• Given the scatter in data it is not possible to comment on the effect of the 
change in cement specification (OPC vs. CEM I) on the chloride 
conductivity results with time. 
5.3.5 GENERAL CONCLUSIONS RELATING TO FULLY WATER CURED SAMPLES 
Based on the observations and discussion in the proceeding three sections of this 
chapter the following can be concluded, relative to fully water-cured samples, and 
considered as the key findings for the first sections of this chapter: 
• The GGBS concretes produce the lowest chloride conductivity results at 
both 28 days and 120 days, within the "Excellent" durability category for 
both OPC and CEM I cements, with OPC cement yielding marginally lower 
chloride conductivity results. The chloride conductivity results for this 
concrete exhibit the definite trend of reducing with time. Given the scatter 
of the results and the size of the data set it is not possible to comment on the 
effect of the change in cement specification on this trend; 
• The chloride conductivity for FA concretes was noticeably higher in 
comparison with the GGBS concrete at 28 days, however still within the 
"Excellent" durability category for both OPC and CEM I cements, with 
OPC cement yielding lower chloride conductivity results. However at 120 
days the chloride conductivity for FA concretes has reduced to be virtually 
indistinguishable from the GGBS concrete results for both OPC and CEM I 
cements, with OPC cement once again yielding marginally lower chloride 
conductivity results. As for GGBS concrete FA concrete exhibits the trend 
of the chloride conductivity reducing with time, but far more noticeably 
than GGBS and CSF concretes. For reasons as set out above it is not 
possible to comment on the effect of the change in cement specification on 
this trend; and 
• The CSF concretes consistently produce the highest chloride conductivity 
results at both 28 days and 120 days, within the "Good" durability category 
for both OPC and CEM I cements, with OPC cement yielding marginally 
lower chloride conductivity results. CSF concrete exhibits very little change 
in chloride conductivity with time, and the comments in the above sections 














INFLUENCE OF CURING METHOD 
W AU. SF.R1F.S 
2R-Dny Resu lts 
Figure 27 shows the 28-day chloride conductivity results for the Ope/GOBS 
(WalJ A) concrete (together with the environmental rating), with reference to (he 
various curing methods. No data was available for Wall B and Wall C, hence 
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• ' IGURE 27; 28-DAY CHLORIDE! CONDUCTIVITY RESULTS FOR ope/GGBS 
CONCREIT (TOGETHER Wn"H THE ENVIRONMENTAL RATlKG), WlTH REFllRENCE 
TO THE VARlOl;S CuRING METHODS. 
From Figure 27, it is evident that as the environmental rating decreases the 
chloride conductivity increases. This observation is consistent for all the curing 
methods and indicates that the chloride conductivity is affected by curing. 
The 2S-day chloride condl.l\:tivity results for Ope/QGBS concrete are detailed in 
Table 29. 
T ARl.E 29: 28-DA Y CHLORIDE CONDl;C:rlVITY REsULTS POR OPC) GQ(lS CoNCRETES 
PPR C URING METHOD. 
CURING 
M ETHOD 











The results show that, with the exceptiOll or cunng compound CUrillg, the chloride 
conductivity results for the OPC/GGBS COllcretes fall broadly within the 
"Exeellellt" durability category, For curing compound curing the chloride 
conductivity results rail inside the "Good" durability category, 
Figure 28 shows the change in 28-day chloridc conductivity results lor the various 
curing methods. for OPC/GGBS concrctc. The figure uses a "curing reduction 
ratio" which is the dirference betweell the chloride cOllducti\llty under 
consideratiou (site-curing methods) and the wet-cured condition divided by the 
wet-cured collditioll. Thus tile larger a particular "curing reduction ratio", the 
larger the shift betweeu the fully cured chloride conductivity value and the 
chloride conductivity value for the site-curing method under cousideratiolL 
For thc OPC/GGBS concretes the r,uios can be broadly grouped. The curing 
compound curing yields the highest ratio while the fOlTIlWork, hessian and no 
active curing methods yield smaller roughly equal ratios. The conunon factor 
bet\"een formwork, hessian and no active curing is Ulatlhey do not provide an 
impenetrable moisture barrier while curing compouud curiug possibly docs . This 
IS particularly relevant to dus elemellt since it received substantial early age 
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Curing RL-./uctioD R9tiO for Chloride Condnctivlty 
Wall Series 28 Day Results 
CI1rio, Com]>Ollm HC>I!ian 
C.rIH; Metbod 
pre.;ipitation. 
FrGlirlE 28: OrAN"GE IN 28-DAY CHLORIDE COSDUCllVrTV RESULTS FOR WALL 
SERIES PLOTI'ED AGAINST RESPECTIVE CURlNG MEnloD. 
Alexander et a13~ indicated that for llilCured Western Cape concretes consisting 
of a blend of OPC/GGBS of the same concrete grade, in the same proportlOllS as 
used in this project. chloride conductivity results ill the region of 2,00 mSlcm 
were realised. Interestingly the chloride conductivity results aclueved in this 
study are of Ule order of two times smaller (morc favourable), indicatillg firstly a 
better site-curing ellvironment and s.econdly possibly a better combination of 













Conclusions Relating 10 28-[)ay Results 
Based on the observations and discussion and subject to the environmental 
conditions experienced by the wall clements, the following can be concluded: 
• At 28-day element age, the chloride conductivity is affected by the curing 
method utilised: 
• For the OPC/GGBS concretes the chloride conductivity results at 28-day 
element age for the site-curing methods fall within the "Excellent" durability 
category, with the exception of curing compOlUld curing which is within the 
"Good" durability category; and 
• The use of hessian and formwork retention as curing methods is more 
beneficial than the application of curing compound for OPClGGBS 
concretes. Depending on the environmental conditions at time of casting it 
is possible that the application of curing compolUld is more detrimental to 
early age properties than no active curing (as is the case for wall A) . In the 
event of early age precipitation (within the first 1 to 3 days after casting, as 
was experienced \\ith wall A) the curing compound excludes the free 
moisture from penetrating the covercrete, while no curing does not. 
120-Da~' Results 
Figure 29 shows the 120-day chloride conductivity results for the OPC/GGBS 
(WalJ A), OPCIFA (Wall B) and OP(')CSF (Wall C) concretes (together with the 
environmental rating), plotted against curing method. 
Chlorid. Conductivity Re,ult. 
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FIGURE 29: l20-DAY CHLORIDE CONDucnvrry RESULTS FOR THE VARIOUS 
CONCRETES (TOGETHER WITH THE ENVTRONNIENTAt. RATING), WITH Ri:rERtNCE 











The 120-day chloride conductivity results for OPc/GGBS concrete are detailed in 
Table 30. 
T ARLE 30: 12O-DAY CliLORlDt CONDUCTIVlTI' RES ULTS ~OR OPC/GGBS 
CONCR.l"TE PtR CURDiG METHOD 
CURING 
CIILORIDE 
CO'\I)liCTIVlTI' Cl'Rlr<t:G ku>11l -no~ 
I\h:mOD 
(mS/em) . I..HIt} , 
WA"ITR 0,24 
O"WOU~'fJ 0,39 0,< 
HESSIA.."\ 0,33 - O.JR 




The chloride conductivity results for the OPC/GGBS concrete fall withm the 
"Excellent" durability category. Considering the change in chloride conductivity 
with time (using the 120-day data as base) decreases of the order of 30 % to 70 % 
have occurred for the site clements, while for the wet-cured cubes the decrease is 
about 40"10. 
The 120-day chloride conductivity results lo r OPC/FA ~onCTd~ ~re dd~lied III 
Tabldl. 
T ARL!:: 31; 120-DAY CHLORIDE CONDUCTIVITY RESULTS FOR OPC/F A CONCRETE 
CURING METHOD , 
CURING 
CHLORIDE 




COMI'OUND 0,71 J.n --
HLSSIAl\ 0,63 2,71 
FORJ,IWORK 0,67 l,94 -, 
UNCURED 0,73 3,29 
The chloride conductivity results for the OPCIFA concrete fali within the 
"Excellent" durability category, although marginally larger than the OPC/GGBS 
concrete. 
The 12O-day chloride conductivity results for OPC/CSF concrete are detailed in 
Table 32. 
T,\HLE 32: 120-DAY CllLORlDt CONDUCl"lV!TY RES ULTS FOR OPC/CSF 
CONCRt"Tt PER CL.·RlNG "Ml;THOV. 
CliRI'.G 
METHOO 












The chloride conducth~ty for the OPC/CSF concrete falls within the "Good" 
durability calegory, for all of the curing methods. For the full wet-cured 
condition, OPC/FA concrete yielded the lowest chloride conductivity (0,17 
mS/cm), folIowed by OPC/GGBS COJlcrcte (0,24 mS/cm) and OPC/CSF concrete 
(0,79 mS/em). The OPC/GGBS and OPC/F A concretes fall well within the 
"Excellent" durability category, while the OPCiCSF concretes fall within the 
"Good" durability category. 
For the formwork, hessian, curing compound and no-curing conditions the 
chloride conductivity results for OPC/GGBS concrete exhibit a small range (0,32 
mS/cm to 0,49 mS/em), and falI into the "Excellent" durability category. These 
are the lowest chloride conductivity results for the wall series data. OPOFA 
concrete results follow this, also exhibiting a small range (0,63 mS/em to 0,73 
mS/em), and fall into the "Excellent" durability category. For the OPC/CSF 
concrete the chloride conductivity results are slightly higher and exhibit a similar 
spread to those of the OPCIGGBS concrete and OPC/F A concrete (0,90 mS/em to 
\,00 mS/cm), and fall into the "Good" durability category. 
Figure 30 sho1,\"s the change in 120-day chloride conductivity results for the 
various curing methods, for the OPC/GGBS, OPCIFA and OPC/CSF concrete. 
The figure uses a "curing reduction ntio" which is the difference bctween the 
chloride conductivity under consideration (site-curing methods) and the fully 
waler-cured condItion divided by wet-cured condition. Thus the higher a 
particular "curing reduction ratio", the larger the shift between the fully cured 
chloride conductivity value and the chloride conductivity value for the site-curing 
method llnder consideration. 
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FIGUR[ 30: CHANGE IN 120 DAY CHLORIDE CONDuCTIVITY RESULTS FOR 













Considering the data presented in Figure 30, OPCIF A concrete exhibited 
noticeably the highest "curing reduction ratio" in chloride conductivity per curing 
method and is an indication of the sensitivity of the OPCIFA concrete to curing. 
By contrast, the OPC/GGBS and OPC/CSF concretes yielded a lower "curing 
reduction ratio" for chloride conductivity per curing method and is an indication 
of the reduced sensitivity of these concretes to curing. 
Hessian and formwork retention are nominally "better" site-curing methods than 
curing compound and no curing, for both GGBS and FA concretes. The CSF 
concrete however exhibits a very similar range of "curing reduction ratios" per 
site-curing method, indicating it's reduced sensitivity to curing mainly due to the 
early hydration typical of these types of concretes. 
Conclusions Relating to 120-Day Element Age Results 
Based on the observations and discussion the following can be concluded: 
• At 120-day element age, the chloride conductivity is affected by the curing 
method utilised; 
• For OPC/GGBS and OPCIFA concretes the chloride conductivity results at 
120-day element age for the site-curing methods fall within the "Excellent" 
durability category. For OPC/CSF concrete the results fall within the 
"Good" durability category; 
• OPCIFA concrete exhibited the largest "curing reduction ratio" for chloride 
conductivity per curing method. OPC/CSF and OPC/GGBS concretes 
exhibited a similar but smaller "curing reduction ratio" for chloride 
conductivity per curing method; and 
• The use of hessian and formwork retention as curing methods is more 
beneficial than the application of curing compound for OPC/GGBS and 
OPCIF A concretes. In addition for these two concretes no curing results in 
the largest chloride conductivity at 120 days. For CSF concrete no site-
curing method emerged as more beneficial than another with essentially 
equal influence on the durability properties developed. 
General Conclusions Relating to Site-Cured Wall Samples 
Based on the observations and discussion in the preceding section of this chapter 
the following can be concluded, relative to site-cured wall samples. These are 
considered as the key findings for this part of the this chapter: 
• OPC/GGBS concrete in walls exhibited definite sensitivity to curing at both 
28 days and 120 days. At 28 days the chloride conductivity for various site-
cured samples are within the "Excellent" and "Good" durability category, 
while at 120 days all the results are within the "Excellent" durability 
category. The use of hessian and formwork retention as curing methods is 
more beneficial than the application of curing compound for OPC/GGBS 
concretes at both 28 days and 120 days; 
• OPCIF A concrete exhibited a substantial sensitivity to curing for chloride 
conductivity per curing method at 120 days, and was the most sensitive of 
the three concretes used. Due to the absence of a data set at 28 days it is not 














conductivity fOT vanous site-cuTed samples are within the "E}[eellent" 
durability category. 'The use of hessian and fonuwork retention as curing 
methods is more beneficial than the application of curing compound for 
OPCIFA conCTetes at 120 days; and 
• OPCIC$F concrete exhibited the least sensitivity to curing for chloride 
conductivity per curing method at 120 days. of the three concrcles used. 
Due to the absence of a data set at 28 days it is not possible to comment on 
resnlts at this age. At 120 days the chloride conductivity for various site-
cured samples are wilhlll the ".Excellent" und "Good" durability category. 
No site-curing method emerged as more beneficial than another with 
cssentially equal influence on thc durability properties developed. 
SLAB SERIES 
28-Day Results 
The data are discussed fOT the elements cast using OPC and CEM [ separately. 
The slab serie:'s 1 &2 were cast using OPC cement whilt"' reries 3&4 were cast 
using CEM I cemcnt. 
Observalions and Disc .. s~ lon: Series Ca~1 Using orc BlendS 
Figure 31 shows the 28-day chloride conductivity results for the OPCfGGBS (slab 
Al an<J A2), OPCiFA (slab Bl ~nd B2) and OPC/CSF (slab el) concretes 
(together with environmental rating), with referenC{: to the curing methods. No 
results are ,hown for slab Cl since tbis data was not available. 
The 28-day chloride conductivity results for the OPU GGBS concrete are given 
in Table 33. 
TABLE 33: 28-DAY CHWRlDE CONDCCTlV1TY RESULTS POR OPC/GGBS 
CONCRETE PER CURL'\G METHOD , 
CIILORlD[ CHLORIDE 







SER I.~~) SERIES) 
rqS,I~1A ""'" mS/em mS/em 
WAlER 0)6 0,25 0,Z6 
t--Cm1POUl>D 0,36 0,33 0,..15 O.-'S 
HESS1AN 0,35 0,4\ 0,.18 "" s,~ 0,36 0,25 0,][ 0,19 
, -I - 0)4 0,.1S tJ.]S UNCURED .J , 
All the results arc fairly similar and fall in a narrow band, generally within the 
".Excellent ' durability category. Sand curing is the most effective site-curing 
me:'tho<J followed by the application of curing compound, no active curing and 
hessian curing (in or<Jer of effectiveness)_ Very little variation is evident between 
the various site:'-cured results and they effectively yiel<J the s~me durability 
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FIGU RE 3 1: 28-DAY CHl.ORIDE CONDUCTIVITY RESCLTI> AT FOR ope 
CONCRETES (TOGETHER wiTH THE ENVIRON:>tENTAL RATING), PLOTTED 
AGAINSTVARJOUS O:RlNG METHODS. 
The 28-day chloride conductivity results for the OPCI FA concrete are given in 
Table 34. 
T A8LE 34 : 28-DAY CHLORIDE CONDUCTIVITY RESCLTS FOR OPCIF A CONCRETE 
Pl:R CURING METHOD , 
CHLORIDE CHLORIOE . 
CONOUCT IVIT) CO~ IlUCTI V [T\, ! 
\I[\~ i.\Ii.\'" 
CURING CIlLORID[ C l IR! r<>G 
MEI'HOIl 
(SLAB HI (SlA8 B2 i C (j'ifll( - rl\"In R): IlI 'enll_~ 
SERIES) SElu£Sj .uS/ern J{" TIO 
mS/em mS/em 
WATER 0,4_ (Outlier) 1M2 
0,99 1,53 1.26 "2.00 
. 
OMf'OL'ND 
HESSIAN 1 ,01 1,67 I . W 2.19 
SAN!) 0,93 1,5J 1.24 I ,9~ 
UNcURFn 1,24 I , 5 l ,tiO 2,80 
The v~lue Jor 28-day weI curing is within the "Excellent" durability category, 
while.- the remainder of the resulls are within the "Good" durability category, ",>jth 
no curing yielding the highest result (poorest , properties). This re-iterotes the 
previolls finding of lhe sensitivity of the OPC/FA concrete to curing. As for 
OPO'GGBS concretes sand curing proves to b e the most effective site-curing 
method, followed by the application of curing compound, hessian curing and no 
curing (in order of effectiveness). In Ihis case there is a significant variation 












The 28-day Chloride Conductivity results for the OPC/CSF concrete are given in 
Table 35. 
T ABLE JS: 28-DAY CHLORIDIl CONDUC""TIVITY REsULTS rOR Ol'CiCSr 
CONCRfT!' PFR CURING MFTHOD , 
CH LORID E CIILORIDE 
\Jr ...... Mu:o.r 
CONDUCTI VITY CONDUCTIVlTY 
, 
CURING I ( ." III,OIlI!}1 n 111'« : 
!'tlETIiOD 
(SLAsCI (SLAsC2 
(:" "!}t'f: n vu \' "1:1II1(·j'I()I' , SF.RJ f-S) S ERIES) 
mS/em mS/em 
mSi~1I1 R\rlO 
W"TER Ko data 1,58 ; 1.58 
COMPOUND '" '" 1, 5 l.ll!> ~ .. HRSS1A"· Ko data 1,56 l~f> • 
SA'\-U '0 '" 1,611 1.60 0.02 ., UNCURED Ko data , 2,14 2.14 OJ7 
• Jlldlcate!; a negatIve value . 
All the 28-day values are within the "Poor" durability category. Hessian curing 
proves to be the most effective sit~uring method, followed by sand curing, too 
application of curing com]Xlund and no active curing (in order of effectiveness). 
In this case there is a substantial variation between the lowest and highest chloride 
conductivity result for the site-cured concrete. 
When comparing the llilcured results for the above three concretes with currenUy 
available chloride conductivity data, from the Western Cape, for 28-day uncured 
samples, it was noted that the GGBS concretes in this study exhibi ted markedly 
improved results (of the order of six times smaller). Similarly the FA concretes 
exhibited noticeably improved results (of the order of two times smaller). 
AiexaJlder et al14 reported chloride conductivity data for Western Cape OPC/CSF 
concretes in the range ofO.50 mS/cm to 0.70 mS/cm for three days of wet curing. 
For 28-days of wet curing they reported results of the order of 0,50 mS/cm. The 
resul ts recorded here are of the order of three times poorer than the Western Cape 
concretes. 
figure 32 shows the mean change in 28-day chloride conductivity results for the 
various curing methods, and different concretes cast using OPC cement and is 
based on mean curing reduction ratio as presented in Tables 32 through 35. 
OPC/F A concrete exhibited the highest "curing reduction ratio" in comparison to 
OPC/GGBS and OPC/CSF concretes, indicating the sensitivity of OPC/FA 
concrete to curing. The OPC/F A concretes indicate that sand and cunng 
com]Xlund curing arc marginally more effective tban hessian curing, with no 
active CLiring the most incffecllve. The OPC/GGBS concrete exhibits ~ similar 
trend. however the "curing reduclion ratio" is noticeably reduced i.e. less sensitive 
to curing. The OPC/CSF concrele exhibils a reduced sensitivity to curing, similar 
to the OPC/GGBS concrete. with sand and bessian curing developing essentially 
tbe same results as wet curing; curing com]Xlund curing and no active curing 
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FIGLRE 32: CHANGE IN 28-DAY CliLORlDE COr--DUCT1VIIY REsULTS FOR SLAB 
S~RTCS CAST USlNGOPC, PL01TED AOAINSTRESPECITVE CURING METHOD. 
While OPC/FA concrete indicates more sensitivity to curing when compared to 
OPC/GGBS concrete, it must be noted that this set of results represent "Good" 
durability properties. 
Observations and Discussion: Series Cast Using CEM J Blends 
Figure 33 shows the 28-day chloride conda;;tivily results ror the CEMIIGGB$ 
(slab A3 and A4), CEMUFA (slab BJ and B4) and CEMVCSF (slab C3 and C4) 
concretes (together with environmental rating), with reference to the curing 
methoJs. 
The 28-day Chloride Conductivity results ror the GGBSiCEM T concrete are 
given in Table 36. 
TABLE 36: 28-DAY CllLORIDf! CO)<.'D(}CTIVTTY RESULTS FtW CEM TiGGBS 
CONCRETE PER CURL"IG METHOD , I CIlLORlDF. CIlLORlDF. Ml \ 1" Mr~" 
CURING 
CONDUCTIVITY CO"DUCTIVlTI" 
("til-OIl/lit. n . JU\(; 
MF.TlIOD 
: (SLAlI A3 {SLABA4 ('u1I'hl1CTl, n\' : R.r.tot'C1"ION ! SERIES) SEJUES) mS/cm R,,"o rnSlcrn rnSlcrn 
WATER , 0,31 0,26 0,29 
OMPOUNI) 0,62 0,37 0_'" M 
Hessl":>: 0,48 0,3 0,",,' OA' . 
SAt>Ll 0,29 0,34 O,J2 0, 10 
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FIGURE 33: 28-DA Y CHLORIDE CONDl:cnVTTY RESULTS POR CEM I CONCRETES 
(TOGETI-lER WlTH THIl ENVIRONMENTAL RATING), PLonED AGAINST VARIOUS 
COOING METHODS. 
While all the resu lt are within the "Excellent" duralJility category, the result for 
full wet-curing is noticeably lower, with no active curing yielding the highest 
result (poorest properties). Sand curing is the most effective site-curing method 
followed by hessian curing, the application of curing compound and no active 
curing (in order of effectiveness). Substantial variation is evident between the 
various site--clJI"oo resuhs, however they are all within the "Excellent" durability 
category. When these results are compared to the OPC cenlent results {slab Al 
and A2),:lt the same element age, it is ooted that generally the CEM r consistently 
produced nominally higher results (poorer properties). 
TIle 28--day chloride conductivity results for the CEM lfFA concrete are given in 
TabId!. 
TABU: 37; 28-D"Y CHl.{JRTDE CONDUCTIVITY RESULTS ,~ CEM IIFA 
CONCRETE PERCURlNG M~:rnOD . 
CO~'DUCTJVrrY CONDUCTlVIT\' 
"11c".~ "UA~ 
CURING elllOl1.lllr C('IIJ,.r; 
l\-IITHOD 
(SUBB3 (SLAB 84 
CO,'<lJIII:1II"I n R~:utICIIO~' 














The results for wet curing and sand curing are within the "Excellent" durability 
category, while the remainder of the results are within the "Good" durability 
category, with no active curing yielding the highest (poorest properties) result. 
Sand curing is the most effective site-curing method followed by hessian curing, 
curing compound curing and no active curing (in order of effectiveness). A 
marginal variation is ev ident between the various site-cured results, however they 
are all within the "Excellent" and "G:>od" durability category. Vvnen these results 
are compared to the OPC concrete results (slub BI and Bl). at the same element 
age, it is noted that generally for CEM 1 concrete all the site-curing methods 
p!"oduce lower (more fuvour"ble properties). 
The 28-day chloride conductivity results fur the CEM 1/CSF concretes are given 
in Table 38. 
T .... l:IL£ 38: 28-DAY CHLORlDT: CO;"Ll{.-CTlVTTY Rl'_SUTS FOR CEM l/CSF 




CmTDUCTI VITY CONDt.:CTtl' ITY 
CnUMlHlt: ('Ultl"':'; 
M .i:T.UOD 
(SLADC3 (SLADC4 CON!l\I("ltH ., ltEUI.OIO .. ~ 
SERIES) SEIIIES) .. "/"" tUI10 rnS/em mS/em 
W .... TER 0,77 0,51 O,M I _----1_ .. ______ 
COMPOUND 1,16 1,04 1,10 ! 0.71 
HESSI .... N I ~ 1,17 0,76 V,'" 0,51 
SA~ 1,25 0,08 n,97 '" UNCUR~O 1.38 1,24 I~I 1,~~ 
The results for wet-curing arc within the "Excellent" durability category, with the 
remainder of the results in the "Good" durubility category, with no active curing 
yielding the highCllt result (poorest properties). Sand and hessian curing are the 
most effective site-curing methods, followed by curing compound curing and no 
aetive curing (in order of effectiveness). Variation is evident between the various 
sitc-cunxl results. \VIlen these results are compared to the OPC concrete results 
(slab Cl and C2l, at the same element age, it is noted that generally for CEM I 
concrete all [he site-curing methods produce lower (more favouruble properties). 
\\'hen comparing the above data with currently availuble chloride conduetn'ity 
data, from the Western Cape, for 28-day uncured samples, it was noted that the 
GGBS concretes exhIbited markedly improved results (of the order of four times 
smaller), Simllarly the FA concretes exhibited noticeably improved results (of the 
order of two times smuller). For the CSF concrete however no uncured results 
were available, but the 28-day wet-cured correlate well WIth the data presented 
here. 
Figure 34 shows the mean change in 28-day chloride conductivity results for the 
various curing methods, and diff~r~nt ""nlTelc" cab[ ll,ing CEM I cement and is 
based on mean curing reduction ratio as presented in Tables 31 through 33. 
In this case all the concretes exhibit a similar range of "curing reduction ratios" 
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FIGURE 34: CHANGE IN 28-DAY CHLORIDE CONDUCTIVITY RESULTS POR SLAB 
SERIES CAST USING CEM I, PWTTE]) AGAINST RESPECDVE CURING METHOO. 
CEM VGGBS concrete indicates that sand cnring is the most effective site-curing 
method, noticeably more effective than hessian curing, rollowed by curing 
compound curing and no active curing, shown to be the most ineffective. CEM 
L'FA concretes show that sand curing is marginally more beneficial than hessian 
curing, followed by curing compound curing aud no active curing (in order of 
effectiveness). For CEM JICSF concretes sand and hessian curing are shown to 
be similar in telTIlS of curing efrectiveness, followed by curing compOlUld curing 
and no active curing. with a noticeable increase in "curing reduction ratio" 
between curing compOlmd curing and no active curing. 
By oomparison with the OPC cement the nse of CEM I cemoot with GGBS has 
resulted in a substantial increase in curing reduction ratio for the application of 
curing compound and no active curing, while sand and hessian curing remained 
markedly consistent. For FA concrete the use ofCEM I cement has resulted in a 
substantial reduction in curing reduction ratio for all the sitc-curing methods. 
For CSF concretes the use of CEM I has resulted in a substantial increase in the 
curing rcductionratio for all the site--curing methods. 
Conclusions Relating to 28-0ay Results 
Based on the observation and discussion and subject to the environmental 
conditions experienced by the elements, the rollowing can be concluded: 
• GGBS concrete in slabs exhihited defmite sensitivity to curing at 28 days 
for OPC and CEM T cements. Tbe chloride conductivity ror the various 
site-cured samples are within the "Excellent" durability category for both 
OPC and CEM I cement. 1be use ofCEM I cement with GGBS results in a 














also increasing the sensitivity of the concrete to curing. The use of sand 
curing is more beneficial than the application of curing compound, no active 
curing or hessian curing (in order of effectiveness) for OPC/GGBS 
concretes at 28 days. For the CEM I concrete at 28 days this trend is 
somewhat similar in that sand curing is more beneficial than hessian curing, 
followed by the application of a curing compound or no active curing (in 
order of effectiveness); 
• FA concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM I cements. The chloride conductivity for the various site-
cured samples are within the "Excellent" and "Good" durability category for 
both OPC and CEM I cement. The use of CEM I cement with FA results in 
a noticeable reduction in chloride conductivity when compared to OPC 
cement, also reducing the sensitivity of the concrete to curing. The use of 
sand curing is more beneficial than the application of curing compound, 
hessian curing or no active curing (in order of effectiveness) for OPCIF A 
concretes at 28 days. For the CEM I concrete at 28 days this trend is 
somewhat similar in that sand curing is more beneficial than hessian curing, 
the application of curing compound or no active curing (in order of 
effectiveness); 
• CSF concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM I cements. The chloride conductivity for the various site-
cured samples are within the "Good" to "Poor" durability category for OPC 
cements and "Excellent" to "Good" durability category for CEM I cement. 
The use of CEM I cement with CSF results in a noticeable reduction in 
chloride conductivity when compared to OPC cement (particularly for wet-
cured samples) but increases the sensitivity of the concrete to curing. 
Hessian curing is similar to sand curing, followed by the application of 
curing compound or no active curing (in order of effectiveness) for 
OPC/GGBS concretes at 28 days. For CEM I concrete at 28 days this trend 
is repeated with sand and hessian curing more effective than curing 
compound curing and no active curing (in order of effectiveness); and 
• FA concrete wh n used with OPC cement exhibited a marked sensitivity to 
curing when compared to the GGBS and CSF concretes used with OPC 
cement. For CEM I cement however FA concrete did not exhibit this trend 
and showed a similar sensitivity to curing to GGBS and CSF concretes. The 
GGBS and CSF concretes however showed an increase in sensitivity to 
curing when used with CEM I cement. 
SLAB SERIES 
120-Day Results 
The data is discussed for the elements cast using OPC and CEM I separately. The 
slab series 1 &2 were cast using OPC while series 3&4 were cast using CEM I. 
Observations and Discussion: Series Cast Using OPC Cement 
Figure 35 shows the 120-day chloride conductivity results for the OPC/GGBS 
(slab Al and A2), OPCIFA (slab Bl and B2) and OPC/CSF (slab Cl and C2) 
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FIGURE 35; 120-DAY Q-lLORlDE CONDUCITVTTY RESULTS FOR OPe CONCRFT'ES 
(TOGETHER WIl1111lE ENVIRONMENTAL RA'I'lNO), PLOITED AOAIl'ST VARIOUS 
Q!l.lNG MF'IHOOS. 
The 110--day chloride conductivity results for the GGHSiOPC eoncrcte are given 
in Table 39. 
TABL~ 39: 120-DAY CHLORIDE CONDUCn VffY RESVLTS Fo, OPCiCJ(jBS 
, 
M [ \!\" )Ir\~ 
CURII"-G 
CONDUCTIVITY 





lIL~h. R..\ L 10 rnSicrn mSi,rn 
All the results are similar and fall 1Il a narrow band, within tbe "Excellent" 
durability category. Sand curing is the most effective site.-curing method followed 
by thc applicatiOll of curing compound, no active curing and h~ssiall curing (in 
order of ctkctivencss). Little variation is evident b<:tw~en the various site-cured 
rcsults and they effectively yield the same durability properties in terms of 
chloride conductivity. Interestingly the order of cfficielK'Y of site-curing has not 
altered substantially when comparcd with the 28-day results for OPc/GGBS. The 











l20-day results as a base, indicate that sand curing shows the largest change while 
no active curing the least. 
The 120-duy Chloride Conductivity results l(lL' the OPC'FA concrete are given in 
Table 40. 
T AI'LE 40; 120-DA Y CHLORIDE Co'wucnvITY RESULTS FOR Ope/FA CONCRETE 
PER CURL"G METHOD 




Co.~ IlI;CTlYrTY Cmmt.:CTI\TIY ( ' Ill-OWl I)}: nJWI~'(; 
.. IKTllOD (SLAB 81 (SLAoB2 t.·vsmrnwn I Jh;t)torO'i 
SERr~S) SERJES) .... "it.. R""I'H) mS/cm mS/cm 
WATER 0.17 0,12 O.I~ 
.. .... '1 .. W . ... COMPOL'Nll 0,40 0,58 
·--If,.H~--
. -----j/i)--liESSIAN 0,38 0,44 
0::'9-. . . -i;ir . "D 0,56 0,42 >--------
UNCURED 0,53 0,27 6,40 l,ti7 
. 
All the results are similar and fall in a narrow band. within the "Excellent" 
durability category. No active curing appears to be the most effective site-curing 
method followed by the hessian curing, sand curing and the application of curing 
compound (in order of effectiveness). LillIe variation is evident between the 
various site-cured results although practically, the differences are not of great 
significance. Interestingly the order of efficiency of site-curing has altered when 
compared with the 28-day results for opc--r A. 
The change in chloride conductivity results, relative to the 28-day results, using 
the 120-day results as a base. indicute that all of the curing methods (including no 
active curing) exhibit u substantial change in chloride conductivity with time, 
most noticeably full water curing. 
The 121l-day Chloride Conductivity results for the OPClCSF concrete are given in 
Table 41. 
T ,\BLE 41: 12U-DAY CHLORIDE CtNDUCTIVITY RESULTS FOR OPC"-CSF 
CONCRETE PER CURlNG "M!:.'UOD 





{SLAB CI (SLABC2 
( 'tI~m ('1"1\ 1"/1 W-lUl'Cn(Y' 
SICRI!.:S) SERIES) 
...... 'CJl$ RATIO 
mS/em mS/em 
WATER 0,55 0,62 O,.~~ 
~MPOUND 1.04 0,75 1.1J.I .7 
'SSlAN 1,06 .57 • 
SA:\D 0,77 • • 7B 0,19 
UNCURED .7 ,79 D,7ti O,JO 
The results for hessian and curing compound curing fall in a narrow band. within 
the "Good" durability category, whi le the result for wet curing, sand curing and no 











5 .. .\.3.3 
most effective site-cuting method followed by no active curing, the application of 
curing compound and hessian curing (in order of effectiveness). The results have 
improved markedly, when compared with the 28-day resnlts, particularl y for wet 
cllllIlg, IHll]d curing and no active curing. 
Figure 36 shows the mean changc in 120-day chloride conductivity results for the 
various curing methods, and different concretes cast using OPC cement and is 
based on mean euting redUCTion raTio as presenTed in Tables 34 through 36. 
OPC'FA concrete generally exhibited a substantially higher "curing reduction 
ratio" lD comparison to OPC/GGBS and OPCICSF concretes, indicating it.-; 
sensitivity to curing. The OPC/FA concreTe indicaTes that Hessian curing and no 
active cuti ng are noticeably more efficienT than sand curing or the application of 
curing compound. The OPC'GGBS concrete indicates that sand curing is more 
efficienT Than the application of curing compound, no active curing or hessian 
cuting (in order of effectiveness). OPCICSF concrete on The other hand indicates 
that sand curing and no active curing are more eiTective Than the application of 
curing compound or hessian curing (in order of effectiveness). 
The "curing reduction mtio" for OPCIFA concrete has reduced marginally from 
1,95 - 2,80 at 28 days to 1,67 - 2,27 at 120 days, an indication of the slow 
improvement of durability properties with time. For OPClGGBS concrete the 
"cuting reduction rat io" has also increased with time from 0,19 - 0,35 at 28 days 
to 0,13 - 0,63 at 120 days. For OPC/CSF roncrete the "curing reductIOn ratio" has 
also increased with time from 0,01 - 0,37 at 28 days to 0,19 - 0,80 aT 120 days. 
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FlGJ;R[ 36: CHANGE IN 1200DAY CllLO!!lDE CONDl)CTlVITY REsULTS FOR 
SLAB SERIES CAST USING OPc. PLOTTED AGAINST RESPECTIVE CURD<G 
METHOD. 











Figure 37 shows the 120-day chloride conductivity results for the CEM I/GGBS 
(slab A3 and A4), CEM [/FA (slab 83 and 84) and CEM i!CSF (slab C3 and C4) 
concretes (together with environmental rating), with rcfen."ncc to the curing 
methods. 
The l20-day chloride conductivity results for the CEM i!GGBS con<"TelC ilre 
given in Table 42. 
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FIClIIU: 37: 120-DAY CHLORIDE CONDUCTIVITY RnSULTS FOR CEM I 
CCl1'1CREIES (TOGETIlER WITH THE ENVIRONMENTAL RATING). PLOITED 
AGAINST V ARJOUS O}IUNG MEl HODS. 
The results are similar and fall in a ndlTOW band, within the "Excellent" durability 
category. Hessian curing is the most effective site-curing method followed by 
sand curing, Ihe application of curing compound and no active curing (in order of 
effectiveness). Little variation is evident betwern the various site-cured results 











conductivity. Interestingly the order of efficiency of site-curing has not altered 
substantially when compared with the 28-day results for CEM VGGBS. The 
change in chloride conductivity results, relative to the 28-day reslJils, IJsing the 
120-day results as a base, iudicate that curing compouud curing shows the largest 
change while sand curing the least, not consistent with the OPC/GGBS concrete 
results. When these results are eompared to the OPC concrete results i.e. slab Al 
and A2, at the same element age, it is noted that generally for CEM [ coucrete all 
the curiug methods produced consistently higher condlJcllvily results. 
The 120-day chloride conductivity results for the CEM VF A concrete are given in 
Table 43. 













The results arc similar and fan in a narrow band, within the "Excellent" durability 
category. Sand curing is the most effective site-curing method followed by 
hessian curing, the app!1calion of curing compound and no active curing (in order 
of effectiveness). Little ~ariation is evident between the various site-cured results 
and they effectively yield the same durability properties in terms of chloride 
conductivity. Interestingly the order of efliciency of site-curing hail not altered 
wben compared wlth tbe 28-day reslJlts for CEM IIFA. 
The change in cbloride conductivity results, relative to the 28-day results, using 
the 120-day results as a base, indicates that sand curing shows the largest cbange 
while curing compound curing the least. Also the aver.lge change is slightly less 
than for OPCIFA concrete. 
When these rcsults arc comparcd to thc OPC cement results i.e. slab BI and B2, at 
the same element agc it is noted that generally for CEM I concrete all the site-
curing metbods produce marginally lower conductivity, while full water-curing 
produces substantially bigher chloride conductivity results. 












TABLE 44: 120-DAY CHLORIDE COND\JCTlVTTY RESULTS FOR CEM IfCSF 





en ll IGII»'. (:OAI1'G 
l\lErHOD 
(SLABeJ (SLABC4 
( ·01\111" ' 111 11\ RUlt '·1101( 
SI;RII;~) SUIJ',sj 
"!;!«I'I I )tAT'" m S/em mS/em 
WATER 0,76 0.70 (},7. 
COMPOUND 1,21 0,94 I.'" 0 .... , 
HESSTAN 1,02 ,84 ·0,'3 t,n 
SA\""D • 4 0,83 0,9'1 
~ 1,36 . j~17 . 1]NC1JRED 0,97 
All the site-cured results are fairly similar and fall in a narrow band, within the 
"Good" durability category, while the wet cured resu]( is within the "Excellent" 
durability category. Hessian curing is the most effective site-curiug method 
followed by sand curing, the app lication of curing compound and no active curing 
(in order of effectiveness). Little variation is evident between the various aite-
cured results and they efTectively yield the same durability properties in terms of 
chloride condllCtivity. Interestingly the order of efficiency of sIte-curing has not 
altered substantially when compared with the 28-day results for CEM VCSF. The 
change in chloride conductivity results, relative to the 28-day results, using the 
120--day results as a base, indicates that sand curing shows the largest change 
while curing compound curing the least. 
When these results <Ire compared to the OPC cement results i.e. slab CI and C2. at 
the same element age, it is noted that generally for CEM I concrete for wet curin& 
sand curing and no active curing the conductivity is marginally higher. For curing 
compound and hessian curing the conductivity is marginally lower. 
Figure 38 shows the change in 120-day chloride conductivity for the various 
curing methods, and different concretes cast using CEM 1 cement and is based on 
mean curing reduction ratio as presented in Tables 37 through 39. 
In this case aU the concretes exhibit a reasonably similar range of ·curing 
reduction ratlOs". The only deviation rrom this is the marked effectiveness of 
sand curing exhibited for CEM T/FA concretes. 
CEM VGGBS concrete indicates that hessiau curing is marginally more effective 
than sand curing, followed by the application of curing compound and no active 
curing (in order of effectiveness). CEM IIFA on the other hand indicates that 
sand curing is markedly more effective than hessian curing and both are 
noticeably more emcient that tbe application of curing compound and no active 
curing, shown to be the most ineffective. CEM VCSF indicates that hessian and 
sand curing have virtually the same effect, followed by the application of curing 
compound and no active curing (in order of effectiveness). 
All three concretes exhibit consistency in that sand and hessian curing exhibit a 
marked beneJicial effect of curing with curing compound and no active curing 






















Cuim~ Reductio. R . ti. roc Chlorid. CORd •• tivlt)' 
Slob Seri .. for C Il M I lUnd •. 120 lay' R ... Il> 
c,,,., "" .... 
FIGUR}; 38: CHANGE L"I 120-DAY CHLORIDE CONDI)CllVITY RESUT.TS FOR 
SLAB SERIES CAST USING CEM 1, PLOTTED AGAlNST RESPECTIVE CURING 
METHOD. 
Interestingly the ratio for CEM lIFA conerete hils remained relatively unchanged 
from 0.35 - 0,75 al 28 days 10 0,10 - 0,52 at 120 days. CEM VCSF concrete 
crhibited a reduction in ratio from approximately 0,51 - 1,05 at 28 days to 0,27 -
0.60 at 120 days. For CEM VGGBS concrete the ratio hils reduced with time 
from 0,10 - 0,83 at 28 days to 0,19 - 0,69 at 120 days. 
Conclusions Relating to 120-0 ay Results 
Based on the observation and discussion and subject to the environmental 
conditions experienced by the clements, the following can be concluded: 
• GOBS concrete in slabs exhibited definite sensitivity to curing at 120 days 
when used with OPC and CEM I cements. The chloride conductivity for the 
vllriOOS site-cured samples are within the "Excellent" durability category for 
both OPC and CEM I cement. The use of CEM I cement with GGBS 
results in a noticeable increase in chlonde conductivity when compared to 
OPC cement. The usc of sand curing is more beneficial than the application 
of curing compound, hessian curing or no active curing (in order of 
ejfectiveness) ror OPC/GGBS concretes at 120 days. For the CEM I 
concrete at 120 days this trend is similar in that hessian curing is more 
beneficial than sand curing, the application of a curing compound or no 
active curing (in order of effectiveness). In tenns of change in chloride 
conductivity with time, the OPC and CEM r cements exhiblt a similar 
reduction in chloride conductivity with element age. The reductiOfl does not 
follow any f:et trend and variability is evident between the two data sets; 
• FA concrete in slabs exhibited definite sensitivity to curing al 120 days for 












cured samples are within the "Excellent" and durability category for both 
OPC and CEM I cement. The use of CEM I cement with FA results in an 
increase in chloride conductivity for full wet curing and a noticeable 
reduction for the site-curing, when compared to OPC cement. No active 
curing is more beneficial than hessian curing, sand curing or the application 
of curing compound (in order of effectiveness) for OPCIFA concretes at 120 
days. For the CEM I concrete at 120 days this trend is not repeated in that 
sand curing is more beneficial than hessian curing, the application of curing 
compound or no active curing (in order of effectiveness). In terms of 
change in chloride conductivity with time, the CEM I cements exhibit a less 
pronounced reduction in chloride conductivity with element age, in 
comparison with the OPC cement. FA concrete exhibits the largest 
reduction in chloride conductivity with age of the three concrete types. The 
reduction does not follow any set trend and variability is evident between 
the two data sets; 
• CSF concrete in slabs exhibited definite sensitivity to curing at 120 days for 
OPC and CEM I cements. The chloride conductivity for the various site-
cured samples are within the "Excellent" to "Good" durability category for 
OPC and CEM I cements. The use of CEM I cement with CSF results in a 
marginal increase in chloride conductivity when compared to OPC cement. 
The use of sand curing is more beneficial than no active curing, the 
application of curing compound or hessian curing (in order of effectiveness) 
for OPC/CSF concretes at 120 days. For the CEM I concrete at 120 days 
this trend is not repeated in that sand curing is more beneficial than hessian 
curing, the application of curing compound or no active curing (in order of 
effectiveness). In terms of change in chloride conductivity with time, the 
CEM I1CSF cement exhibit a less pronounced reduction in chloride 
conductivity with element age, in comparison with the CEM IIF A concrete 
and a similar reduction to CEM I1GGBS concrete. The absence of a data set 
for OPCIFA at 28 days makes the reduction to 120 days impossible to 
assess; and 
• FA concrete when used with OPC cement exhibited a more marked 
sensitivity to curing at 120 days when compared to the GGBS and CSF 
concrete used with OPC cement. For CEM I cement however FA concrete 
did not exhibit this trend and showed similar sensitivity to curing as for CSF 
concretes when used with CEM I cement. However GGBS concrete when 
used with CEM I cement, exhibited a marginal increase in sensitivity to 
curing at 120 days. 
General Conclusions Relating to Site-Cured Slab Samples 
Based on the observations and discussion in the proceeding section of this chapter 
the following can be concluded, relative to site-cured slab samples, and are 
considered as the key findings for this chapter: 
• GGBS concrete in slabs exhibited definite sensitivity to curing at both 28 
days and 120 days when used with both OPC and CEM I cements, however 
this was more evident for CEM I cement at both 28 and 120 days. At both 
28 and 120 days the chloride conductivity for various site-cured samples are 
within the "Excellent" durability category for both OPC and CEM I 
cements. CEM I cement had the effect of increasing the chloride 











with OPC cement. Regarding the site-curing methods, the use of sand 
curing is more beneficial than the application of curing compound and no 
active curing (in order of effectiveness) at both 28 and 120 days for both the 
OPC and CEM I cements. The change in cement type appears to have no 
influence on the reduction ofthe chloride conductivity with time; 
• FA concrete in slabs exhibited definite sensitivity to curing at both 28 days 
and 120 days when used with both OPC and CEM I cements, however this 
was more evident for OPC cement at both 28 and 120 days. At both 28 and 
120 days the chloride conductivity for various site-cured samples are within 
the "Excellent" durability category for both OPC and CEM I cements. OPC 
cement had the effect of increasing the chloride conductivity results at both 
28 and 120-day element ages in comparison with CEM I cement. Generally 
the use of sand curing is more beneficial than hessian curing and the 
application of curing compound and no active curing (in order of 
effectiveness) at both 28 and 120 days for both the OPC and CEM I 
cements. The change in cement type appears to influence the change in 
chloride conductivity with time, in that CEM I cement exhibited a less 
pronounced reduction in chloride conductivity in comparison to OPC 
cement. FA concrete exhibited by the far the largest reduction in chloride 
conductivity with time of the three concrete types; and 
• CSF concrete in slabs exhibited definite sensitivity to curing at both 28 days 
and 120 days when used with both OPC and CEM I cements, possibly 
marginally more evident for OPC cement at 120 days (no data at 28 days for 
CSF concrete). At 120 days the chloride conductivity for various site-cured 
samples are within the "Good" to "Excellent" durability category for both 
OPC and CEM I cements. CEM I cement had the effect of marginally 
increasing the chloride conductivity results at 120-day element ages in 
comparison with OPC cement. Sand curing is generally more beneficial 
than curing compound curing and no active curing (in order of 
effectiveness) at 28 and 120 days for OPC cement. The change in cement 
type appears to have no influence on the reduction of the chloride 











5.4,:'\.1; General Summary R elating to Si te-Cured Samples (Wall s and Siahs) 
Table 45 represents a summAI)' of all !he data used in Ihc this chapler and can be considered to be a summary of findings 
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TAII U; 45; GENERAL SUMMARY OF CHLORlDE CONDUt-"TIVITY RESULTS FOR ALL CONCRETE TYPES AND VARIOCS CURING REGIMES. (CONT.) 
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WATER SORPTIVITY RESULTS 
6.1 INFLUENCE OF WATERIBINDER RATIO 
6.1.1 WATER SORPTIVITY RESULTS AT 28 DAYS 
Table 46 shows the waterlbinder ratios that were used to achieve a characteristic 
compressive strength of 30 MPa for the wall series and 35 MPa for the slab series, 
for the three concrete types. 
TABLE 46: W A TERIBINDER RATIOS FOR WALL AND SLAB ELEMENTS. 
BINDERTvpE WATERIBINDER RATIO 
WALL SERIES SLAB SERIES 
CEMENT/GGBS 0,50 0,46 
CEMENT/FA 0,50 0,47 
CEMENT/CSF 0,57 0,54 
Figure 39 shows the water sorptivity results for 28-day wet-cured cubes plotted 
against the respective waterlbinder ratio, for the three binder types. 
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FIGURE 39: WATER SORPTIVITY RESULTS FOR 28 DAYS WET-CURED CUBES 
PLOTTED AGAINST WATERIBINDER RATIO. 
For all the concrete types, a group of results related to the change in cement 
manufacture specification is evident. Slab 3&4 series (based on CEM I cement) 











Although the shift is small (1,0 mmI-Vh), CEM I cement has the effect of slightly 
reducing (i.e. improving) the water sorptivity. 
For the slab series the OPC/GGBS concrete yields water sorptivity results in the 
range of 5,7 mmlVh to 7,2 mmI-vh. The OPCIFA concrete yield results in the 
range of 5,6 mmI-vh to 6,5 mmI-vh and the OPC/CSF concrete in the range of 6,5 
mmlVh to 7,2 mmI-vh. The OPC/GGBS and OPC/CSF concretes yields a similar 
range of results while the results for the OPCIF A concrete are marginally 
improved (lower). 
For the slab series the CEM I1GGBS concrete yields water sorptivity results in the 
range of 5,1 mmI-vh to 6,1 mmI-vh. The CEM IIFA concrete yields results in the 
range of5,0 mmI-vh to 5,7 mmlVh and the CEM I1CSF concrete in the range of5,7 
mmI-vh to 6,1 mmI-vh. The CEM I1GGBS and CEM I1CSF concretes yield a 
similar range of results while the results for the CEM IIF A concrete are 
marginally improved (lower). 
For the wall series the OPC/GGBS concrete yields a water sorptivity of 8,5 
mmI-vh, the OPCIF A concrete a water sorptivity of 4,4 mmlVh and the OPC/CSF 
concrete a water sorptivity of 6,6 mmlVh. When compared to the results for the 
slab series the result for the OPCIF A concrete appears to be somewhat low and 
the result for the OPC/GGBS concrete somewhat high. 
As a general characterisation33, water sorptivity below 6,0 mmI-vh is considered to 
provide "Excellent" durability properties, above 6,0 mmlVh and below 10,0 
mmI-vh is considered "Good" and above 10,0 mmI-vh is considered "Poor". All of 
the results satisfy or exceed the "Good" durability category, with the lower limit 
of the data set well inside the "Excellent" durability category. 
When comparing the above data with currently available water sorptivity data, 
from the Western CapelS, for 28-day wet-cured samples, it was noted that the all 
the concretes exhibited very similar results. This confirms the sensitivity of the 
water sorptivity index to curing practices or regime rather than material selection. 
6.1.2 WATER SORPTIVITYRESULTS AT 120 DAYS 
Figure 40 shows the water sorptivity results for 120-day wet-cured cubes, plotted 
against the respective waterlbinder ratio, for the three concrete types. 
Any trend evident at 28 days has been erased at 120 days and the data exhibits a 
general spread rather than any grouping. Notwithstanding this the water sorptivity 
results have generally reduced, which indicates an improvement in water 
sorptivity with further curing as may be expected. 
For the slab series the OPC/GGBS concrete yields water sorptivity results in the 
range of 4,0 mmI-vh to 6,3 mmI-vh. The OPCIFA concrete yields results in the 
range of 3,7 mmI-vh to 5,0 mmI-vh and the OPC/CSF concrete a value of 6,1 
mmI-vh. The OPC/GGBS and OPCIF A concretes yield a similar range of results 












For the wall series the OPC/GGBS concrete yields a water sorptivity of 5,0 
mmI-%., the OPCIF A concrete a water sorptivity of 3,8 mmI-%. and the OPC/CSF 
concrete a water sorptivity of 5,0 mmI~h. 
Once again all of the results satisfy or exceed the "Good" durability category, with 
the lower limit of the data set well inside the "Excellent" durability category. 
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FIGURE 40: WATER SORPTIVITY RESULTS FOR 120 DAYS WET-CURED CUBES, 
PLOTTED AGAINST WA TERIBINDER RATIo. 
6.1.3 CONCLUSIONS RELATING TO THE INFLUENCE OF WATERIBINDER RATIO 
Based on the observations and discussion, the following can be concluded: 
• To achieve a specified compressive strength the waterlbinder ratio can be 
increased by the use of CSF as a cement extender; 
• The FA concretes exhibit marginally lower results of water sorptivity at 28 
and 120 days when compared with GGBS and CSF concretes, however the 
variation in water sorptivity between the three binder types is small; 
• The use of CEM I cement resulted in slightly lower water sorptivity at 28 
days, when compared with OPC cement; however at 120 days this trend was 
not sustained; and 
6.2 INFLUENCE OF BINDER TYPE 
6.2.1 WATER SORPTIVITYRESULTS AT 28 DAYS 
Figure 41 shows the water sorptivity results for 28-day wet-cured cubes, plotted 
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FIGURE 41: WATER SORPTIVITY RESULTS FOR 28 DAYS WET-CURED CUBES, 
PLOTTED AGAINST 28-DA Y COMPRESSIVE CORE STRENGTHS. 
In general the CEM I cement concretes show marginally improved (i.e. lower) water 
sorptivity results when compared to the OPC cement concretes. All of the CEM I 
cement concrete results are within the "Excellent" durability category, while the OPC 
cement concrete results are within the "Good" durability category. The range in water 
sorptivity results is very low over the range in compressive strengths considered, 
indicating that well cured concretes exhibit relatively low water sorptivities. The 
influence of binder type is not very pronounced in this case. 
6.2.2 WATER SORPTIVITY RESULTS AT 120 DAYS 
Figure 42 shows the water sorptivity results for 120-day wet-cured cubes, plotted 
against the respective core compressive strengths for the three binder types. 
In comparison with Figure 34, the range of water sorptivity results has reduced 
and lies in a lower band inside the "Excellent" durability category. The CEM I 
and OPC cement concrete results are essentially indistinguishable, and the water 
sorptivity is unaffected by the strength of concrete over the range considered. 
6.2.3 CONCLUSIONS RELATING TO THE INFLUENCE OF BINDER TYPE 
Based on the observations and discussion the following can be concluded with regard 
to wet-cured cubes: 
• The 28-day water sorptivity results are "indistinguishable" within the 
"Good" durability category; possibly it could be noted that the FA concrete 
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FIGURE 42: WATER SORPTIVITY RESULTS FOR 120 DAYS WET-CURED CUBES, 
PLOTTED AGAINST 120-DAY COMPRESSIVE CORE STRENGTHS. 
• At 120 days the water sorptivity results are generally "indistinguishable" 
within the "Excellent" durability category. However, FA concrete yields 
marginally lower water sorptivity results; 
• While CEM I cement exhibited marginally lower water sorptivity results 
than OPC cement at 28 days, this was not repeated at 120 days. The water 
sorptivity results at 120 days exhibit no grouping per cement type; and 
• When the concrete is well-cured, such as in this case (wet-curing for 120 
days) binder type has little effect over the range of concrete strengths 
assessed. 
6.3 INFLUENCE OF ELEMENT AGE 
6.3.1 GGBS CONCRETES 
Table 47 shows the change in water sorptivity with time for wet-cured cubes. 
TABLE 47: WATER SORPTIVITY RESULTS AT 28 AND 120 DAYS, FOR SLAB A 
SERIES. 
ELEMENT 
WATER SORPTIVITY @ WATER SORPTIVITY @ 
28 DAYS (mml"h) 120 DAYS (mml"h) 
SLAB Al 7,2 4,0 
SLABA2 5,7 6,3 
SLABA3 6,1 4,8 











Figure 43 shows the 28-day and 120-day water sorptivity results for wet-cured 
cubes, plotted against the respective core compressive strengths for GGBS 
concretes. 
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FIGURE 43: WATER SORPTIVITY RESULTS FOR GGBS CONCRETES AT 28 & 120 
DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CURED CUBES. 
Despite the scatter in the results, there is a marked trend of water sorptivity 
reducing with increasing strength. In effect the water sorptivity reduces with age, 
since the compressive strength increases with age, under wet-cured conditions. 
6.3.2 FA CONCRETES 
Table 48 shows the change in water sorptivity with time for wet-cured cubes. 
TABLE 48: WATER SORPTIVITY RESULTS AT 28 AND 120 DAYS, FOR SLAB B 
SERIES. 
ELEMENT 
WATER SORPTIVITY @ WATER SORPTIVITY @ 
28 DAYS (mml"h) 120 DAYS (mml"h) 
SLABBI 6,5 3,7 
SLABB2 5,6 5,0 
SLABB3 5,0 5,2 
SLABB4 5,7 3,9 
Figure 44 shows the 28-day and 120-day water sorptivity results for wet-cured 
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FIGURE 44: WATER SORPTIVITY RESULTS FOR FA CONCRETES AT 28 & 120 
DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CURED CUBES. 
Given the degree of scatter in the results, there is a trend of water sorptivity 
reducing with age. In effect the water sorptivity reduces with increasing 
compressive strength, since the compressive strength increases with age. In 
comparison to the GGBS and CSF concretes a much larger increase in 
compressive strength is evident. GGBS concretes exhibited an increase of 
approximately 10 MPa, CSF concretes remained effectively unchanged while FA 
concretes exhibited an increase in excess of approximately 20 MPa, over a period 
from 28 days to 120 days. 
6.3.3 CSF CONCRETES 
Table 49 shows the change in water sorptivity with time for wet-cured cubes. 
TABLE 49: WATER SORPTIVITY RESULTS AT 28 AND 120 DAYS, FOR SLAB C 
SERIES. 
ELEMENT 
WATER SORPTIVITY @ WATER SORPTIVITY@ 
28 DAYS (mml"h) 120 DAYS (mmJvh) 
SLABCl 7,2 No data 
SLABC2 6,5 6,1 
SLABC3 5,7 5,3 
SLABC4 6,1 5,2 
Figure 45 shows the 28-day and 120-day water sorptivity results for wet-cured 
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FIGURE 45: WATER SORPTIVITY RESULTS FOR CSF CONCRETES AT 28 & 120 
DAYS PLOTTED AGAINST RESPECTIVE COMPRESSIVE CORE STRENGTHS FOR 
WET-CURED CUBES. 
Given the limited results, it appears that the water sorptivity does not change 
appreciably with time from 28 days to 120 days - an observation that also holds 
true for compressive strength. The use of CSF induces more rapid hydration in 
the first 28 days with little change thereafter. The result for slab C4 at 120 days 
appears to somewhat of an outlier in that the compressive strength at 120 days has 
increased substantially from that at 28 days. 
6.3.4 CONCLUSIONS RELATING TO THE INFLUENCE OF ELEMENT AGE 
Based on the observations and discussion the following can be concluded: 
• The FA and GGBS concretes show a defmite trend of water sorptivity 
reducing with age, (in both cases from about 6,0 mm1...Jh to 4,0 mm1...Jh). 
Results for the individual elements exhibited scatter, but the general trend is 
well established. Compressive strength also increased substantially with 
time for FA and GGBS concretes, over the period 28 days to 120 days; 
• The results for the CSF concretes exhibit very little change with time, for 
either water sorptivity or compressive strength; and 
6.3.5 GENERAL CONCLUSIONS RELATING TO FuLLY WATER CURED SAMPLES 
Based on the observations and discussion in the preceding three sections of this 
chapter the following can be concluded, relative to wet-cured samples, and 














• The FA concrete produces marginally the lowest water sorptivity results at 
both 28 days and 120 days. The 28-day water sorptivity results are within 
the "Excellent" durability category for CEM I cements, and "Good" 
durability category for OPC cements. The water sorptivity results for this 
concrete exhibit the definite trend of reducing with time. Given the scatter 
of the results and the limited size of the data set it is not possible to 
comment strongly on the effect of the change in cement specification on this 
trend; 
• The water sorptivity of GGBS concrete was marginally higher than that of 
FA concrete at 28 days, being within the "Good" durability category for 
both OPC and CEM I cements, with CEM I cement yielding lower water 
sorptivity results. At 120 days the water sorptivity results for GGBS 
concrete has reduced and is still marginally larger than the FA concrete 
results for both OPC and CEM I cements, with CEM I cement once again 
yielding marginally lower water sorptivity results. At 120 days the water 
sorptivity for GGBS concrete used with CEM I cement falls within the 
"Excellent" durability category, and OPC cement within the "Good" 
durability category. As for FA concrete GGBS concrete exhibits the trend 
of the water sorptivity reducing with time and the reduction is remarkably 
consistent with the FA concrete; and 
• The CSF concrete produces water sorptivity results very similar to the 
GGBS concrete at both 28 days but higher at 120 days, within the "Good" 
durability category for both OPC and CEM I cements at 28 days, with CEM 
I cement marginally lower. At 120 d ys the water sorptivity is within the 
"Excellent" durability category for CEM I cement and in the "Good" 
durability category for OPC cement. CSF concrete exhibits very little 
change in water sorptivity with time. 
INFLUENCE OF CURING METHOD 
WALL SERIES 
28-Day Results 
Figure 46 shows the 28-day water sorptivity results for the OPC/GGBS, OPCIF A 
and OPC/CSF concretes (together with the environmental rating), with respect to 
the different curing methods. 
From Figure 46, it is evident that as the environmental rating decreases the water 
sorptivity increases. This observation is consistent for all three concrete types and 
all the curing methods and indicates that the water sorptivity is affected by curing. 













CONCRETES (TOGETHFR WITH THE ENVlRONMENTAL RATI.'IG), WITH R ESPECT 
TO mE DIFFERENT C URlNG METHODS. 
'f .4.RI.I1 SO; 28-DAY WATER SORPT1V1TY RESUJTS FOR OPc/GGBS CONCRE11' PER 
CURlNGMETHOD . 
CURING 
W A TER 
SORI'TIVITY CURING R[(lllCT IO'o 
i\1ETIlOO 
(mml..Jh) H-\'IKl 
WATER 8,5 I , 
COMPOUND 0,7 0,26 
HESSlAN 11, I UJI •. . '._- ---- U,4S-- . FORMWORK 12.3 
UNCURED 12,4 ~'" 
The resllll~ show that lor the site-cured elements the Waler sorptivity results [or 
the OPC/GGBS concrete fall within the "Poor" durability category. For wet 











The 28-day water SOTpIivity data for OPClFA concrete are detailoo in Table 51. 








COMPOUND 8,2 1l,1I6 
HESSI."'N ,4 U,91 
RM\VORK , o:n 
cum 10,3 I , 
For wet curing the water so-rplivity for OPC!FA concrete fall with\n the 
"Excellent" durability category. For the fonnwork, hessian and curing compOlUld 
curing me\hods \he water sorptivity falls within \he "Good" durability category. 
For the no active curing condition the wate.- sorptivity falls within the "Poor" 
durability category. 
lbe 28-day water sorp!i,,;!y re."dl., ror OT'CiCSF C()nlTd~ are d~ lail~d m Tahle 
52, 








COMPOUND 9.1 0~1lI 
LlI!SSlA..\' 8,6 O~lO 
FORMWORK 8,5 0,29 
U~CURED 8,0 O,2t 
The water sorp\ivity for the OPCICSF concrete falls within the "Good" durability 
category for all of the curing methods. 
For wet curing OPCIFA concrete yielded the lowest water sorptivity (4.4 mml-Vh). 
rollowcd by OPC/CSF concrete (6,6 mmI-Vh) and OPC/GGBS concrete (8,5 
mmi..Jh). 
For OPC,'FA concrete the curing compound, hessian and fonnwork site-curing 
yidded water sorptivity results within a small range (7,8 ll11n/..Jh to 8.4 mm/.Jh) in 
the "Good" durability category. For wet curing "Excellent" durability properties 
were realised while ror no"cnring "POOl"" properties were realisoo. This is an 
indication of the sensitivity ofF A concrete to curing. 
For the OPCIGGBS cOllcrete the site-cnring methods yielded "Poor" durability 
properties with more scatter between the Sile--curod resu lts (10,7 mmJ-fu to 12,4 











For the OPc/CSF concrete the site-curing methods yielded "Good" du..rability 
properties with very little scaUer hetween the site-cured results (8,0 mml-ih to 9, I 
mml..Jh), while wet curing yielded a substantial reduction in durability properties 
(6,6 mmJ-ih). 
Figure 47 shows the change (i.e. increase) in 28-day water sOllltivity results for 
the various curing methods, and different concretes. The figure uses a "curing 
reduction ratio" which is the difference between the water sorptivity under 
consideration (site-curing methods) and the fully water-cured condition divided 
by the value for the flJlIy water-cured condition. It is in effect a indicator of the 
reduction in curing effectiveness of a given curing method, in relation to the fully 
water-cured condition. Thus the larger a particular "curing reduction ratio", the 
larger the shift between the fully cured water sOllltivity value i\lld the water 
>arpt;vity value for the site-curing method nnder consideration. 
" 
u 
0 " , 
• 0< 
i , M 




Curing Redutlion Ratio far Water Sorptivityl 





FIGURE 47: CHANGE tN 28-DAY WATER SORPTJVlTY RESULTS FOR WALL 
SERIES PLOTTED AGAJN~""T REsPECTIVE Cl'RlNG METHOD. 
The OPOFA concrete exhibited the highest "curing reduction ratio" iu water 
sorpti"ity per cwing method. This is nn indication of the sensitivity of the 
OPC/FA concrete to curing. The OPCIGGBS and OPC/CSF concretes yielded 
substantially lowe!.' "curing rednction ratio" results for the different curing 
methods, in comparison "".jth the OPCIFA concrete. This once again points to the 
sensitivity ofOPC'FA concrete to curing. 
For the OPC/FA c{)ncrete the ratios can be broadly gronped. TIle no-cure 
condition yields the highest ratio while the formwork, hessian and curing 
compound curing methods yield smaller. roughly equal ratios. The common 
factor between formworK, hessian and curing compound curing is the possible 
masking effect of the curing method. In other words the curing method is able to 












is plausible that the formwork and hessian curing methods would limit 
temperature and humidity variation during the period of curing, while the curing 
compound reduces the loss of moisture. On the other hand no-curing would offer 
no barrier. 
For the OPC/CSF and OPC/GGBS concretes the ratio is remarkably consistent, 
possibly indicating that these two concretes exhibit little sensitivity to the site-
curing methods utilised. Note that this observation is made within the context of 
the limited data presented here and for the particular environmental rating. 
Obviously fully curing the element in water results in a benefit to the water 
sorptivity. 
Alexander et ae4 indicated that for uncured Western Cape concretes consisting of 
a blend of OPC/GGBS and OPCIFA of the same concrete grade, in the same 
proportions as used in this project, water sorptivity results in the region of 13,0 
mmI%. were realised. Interestingly the water sorptivity results achieved in this 
study are markedly similar. In this project, OPCIFA concretes exhibited a 
marginal improvement but essentially yield similar durability properties. This 
confirms the sensitivity of the water sorptivity index to curing practices rather 
than material selection. 
Conclusions Relating to 28-Day Results 
Based on the observations and discussion and subject to the environmental 
conditions experienced by the elements, the following can be concluded: 
• At 28 days the water sorptivity is affected by the curing method utilised; 
• For the OPC/GGBS concrete the water sorptivity results at 28 days for the 
site-curing methods falls within the "Poor" durability category, while wet 
curing yields "Good" durability properties; 
• For OPCIFA concrete the no-cure curing method yielded water sorptivity 
results at 28 days in the "Poor" durability category, while wet curing yield 
"Excellent" durability properties. The remainder of the site-curing methods 
yield "Good" durability properties; 
• For OPC/CSF concrete the water sorptivity results at 28 days fall within the 
"Good" durability category; 
• OPCIFA concretes exhibited the largest "curing reduction ratio" for each 
curing method. OPC/CSF and OPC/GGBS concretes exhibited a lower ratio 
for each curing method. Notwithstanding the variation in environmental 
rating for OPCIFA, OPC/CSF and OPC/GGBS concretes (55,3%, 61,5% 
and 54,7% respectively), OPCIF A concretes clearly exhibited the most 
sensitivity to curing (or rather lack of curing); 
• Considering the "curing reduction ratio" for OPC/GGBS and OPC/CSF 
concretes, it appears that they exhibit similar, lower sensitivity to curing 
methods. This is with particular reference to the environmental exposure 
conditions experienced; and 
• The use of hessian, formwork retention and application of a curing 
compound, as curing methods are more beneficial than no-curing for 
OPCIF A concretes. For OPC/CSF and OPC/GGBS concretes there 












methods used. However the use of full wet-curing afforded dear benefits 
for these two concretes. 
120-[)ay Result!; 
Figure 48 ~hoW8 tbe 120-day water oorptivity re8ults for tbe OPC/GGBS, OPClFA 
and OPC/CSF concretes (together with the environmental rating), plotted against 
curing method. 
(,o!; 120 Day. 1: ' If l 
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FIGURL 48: 12O--DAY WATER SORPTIVITY RESULTS FOR m E VAR JOCS 
CONCRETES (TOGETHER \VIm THE E"'11RONMEN'i'AL RATtNG), WITH 
REFERE}.C E TOTHf DIFFl:Rt:XI CUliNG MBllIOOS. 
The 120-day water sorptivity results for OPC/GGBS concrete are detailed in 
T;)ble 53 . 
TAB!,!': 53: 120-DAY WATER SORPTIVITY RESt-1.TS FOR OPCiGGBS COXCRETH 




SORl'TJ VIT \' (mm1..Jb) 
Ci IRlI'H: R"1l1 (,TIf) "-
With the exception of wet curing, the water >orptivi\y ror the OPc/GGBS 
concretes falls within the "Good" durability category. For wet curing the water 
50rplivity falls within the "Excellent" durability category. Considering the change 
in water 50rptivity with time (u8ing tbe 120--da1' data as a base) decreases of the 











cubes the decrease is about 70%. The various curing methods exhibit different 
decreases ill water sorptivity with time, but these improvements do not match the 
substantial improvements, under wet-cured conditions. 
The 120-day water sorptivity results for OPC/FA concrete are detailed in Table 
54. 






l\I!:THOIl SORPnVlTY (mm/,"h) 
R-\TlO 
WATER 3,8 
COMPOUND 7,9 I," .--. 
HESSIAN , 7,1 0,81 
FORMWORJ<. 5,7 
~ ::, UNCURED 7,4 --. 
For the wet and fonnwork curing thc WaiC'l" sorptivity falls within the "Excellent" 
durability category. The water sorptivity result for fonnwork curing, within the 
"Excellent" durability category, is not consistent with the remainder of the data 
set. For the bessian, curing compound and no-curing method the water $orptivity 
falls in the "Good" durability category. Considering the change in water 
sorptivity (using the 120-day data as a base) decreases of the order of J()";' to 50% 
occur. While it has been shown that the OPCIFA concrete are sensitive to curing 
method, it is interesting to note that these mixes show less percentage change 
from 28 days to 120 days than the OPC/GGBS concrete. 
The 120-day water sorptivity results for OPC/CSF concrete an: detailed in Table 
55. 






The water sorptivity for the OPC!CSF concrete falls within the "Good" durability 
category, for all of the curing methods, while for wet-cured cubes the water 
sorptivity is within the "Excellent" durability category. Considering the change in 
watcr sorptivity (using the 1211-day data as a base) decreases of the order of 211% 
to 40"10 occur. However the 120-day water sorptivity results arc low, so that the 
change in absolute tenns from 28 days to 120 days arc small. 
For the wet-cured condition OPCIFA concrete yielded the lowest water sorptivity 











mmI,,1h). As discussed previously all the concretes fall well within the "Excellent" 
durability category. 
For the site-curing methods the water sorptivity r<:sults for OPC/CSF concrete 
oxhibit a small rango (6,5 mmI..Jh to 6,8 mml..Jh), and fall into the "Good" 
durabIlity category. These arc the lowest wator IlOrptivity results for the wall 
series data. lbis is followed by OPCtFA concrete, which also exhibits a 
reasonably small range (5,7 mm/,Ih to 7,9 mmI..Jh), and falls into the "Good" 
durability category. For the OPC/GGBS concrete the water so1lltivity results are 
margmJlly higher and exhibit a larger spread than those of the OPC/CSF and 
OPCIF A concrcte (7,0 mm/'lb to 8,7 mmI..,lh), and fall into the "Good" durability 
category. 
Figure 49 shows the change in 120-day water sorptivity results [or the various 
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fTGURE 4 9: CH ..... "\;GE 120-DA Y WATER SORl'TIVrry RESUT.TS FOR WALL SER1E..~ 
PLOTTED AGAINST RESPECTIVE CURL"G METHUD. 
Considering the data presented in Figure 42, OPC/F A concretes exhibited the 
highest "curing reduction ratio" in water sorptivity per curing method. As 
mentioned previously in this section, this is an indication of the sensitivity of the 
OPCIFA concrete to curing. The OPC/GGBS concretos yidded a smaller ·curing 
reduction ratio" for ",ater sorptivity per curing method, in comparison with the 
OPClFA concr ... 1e. This is an indication of the lower sensitivity of the 
OPC/GGBS concrete to curing. For the OPC/CSF concrete the "cuting reduction 
ratio" for water sorptivity for each curing method is remarkably consistent, 














For the OPCIFA concrete the ratios can be broadly grouped. The no-cure, hessian 
and curing compound curing condition yields the highest ratio roughly equal 
while the fonnwork curing methods yields a smaller ratio. 
For the OPC/GGBS concrete the ratios can be broadly grouped. The hessian and 
fonnwork curing condition yields the highest ratio equal, while the curing 
compound and no active curing methods yields a smaller roughly equal ratio. 
For the OPC/CSF concrete the ratios are remarkably consistent, possibly 
indicating that this concrete exhibit little sensitivity to the site-curing method 
utilised. Note that this observation is made within the context of the limited data 
presented here and for the particular environmental rating. Obviously fully curing 
the element in water results in a benefit to the water sorptivity. 
Conclusions Relating to 120-Day Results 
Based on the observations and discussion the following can be concluded: 
• At 120 days the water sorptivity is not affected, in practical tenns, by the 
site-curing method utilised. The wet curing however has a noticeable 
influence on the results; 
• For the OPC/GGBS, OPCIF A and OPC/CSF concretes the water sorptivity 
results at 120 days for the site-curing methods falls within the "Good" 
durability category, while wet curing yields "Excellent" durability 
properties; 
• OPCIFA concretes exhibited the largest "curing reduction ratio" for water 
sorptivity per curing method. OPC/GGBS concretes exhibited a smaller 
"curing reduction ratio" for water sorptivity per curing method with 
OPC/CSF concrete exhibiting the lowest ratio. Unfortunately given that the 
environmental rating for OPCIF A, OPC/CSF and OPC/GGBS concretes 
vary (55,3%, 55,9% and 58,6% respectively) it is not possible to be 
conclusive in this regard. However it would appear that OPCIF A concrete 
exhibited the most sensitivity to curing; and 
• For all of the concrete types (GGBS, FA and CSF) no clear pattern is 
evident relating to the extent of benefit afforded by the various site-curing 
methods. It must be noted however that the results represent "Good" 
durability properties even for no active curing. 
General Conclusions Relating to Site Cured Wall Samples 
Based on the observations and discussion in the preceding section of this chapter 
the following can be concluded, relative to site cured wall samples. These are 
considered as the key findings for the first part of the second section of this 
chapter: 
• OPC/GGBS concrete in walls exhibited definite sensitivity to curing at both 
28 and 120 days. At 28 days the water sorptivity for various site-cured 
samples are within the "Poor" durability category, while at 120 days all the 
results are within the "Good" durability category. No site-curing method 















• OPCIF A concrete exhibited a substantial sensitivity to curing at 28 and 120 
days, and was the most sensitive of the three concretes used. At28 and 120 
days \he waler sorplivity for various site-cured samples are within the 
"Good" durability category. The USC5 of be5stall. formwork retention and 
the application of curing compound arc more beneficial than no active 
curing al28 days. At 120 days however no clear trend emerges with respect 
to the most efficient site-curing method; and 
• OPCICSF concrete exhibited the least sensitivity to curing at 28 and 120 
days, of the three concretes used. AI 28 and 120 day5 the water sorplivity 
for various sitc-cnred salJlllcs arc within lhe "Good" durability category. At 
28 and 120 days however no clear trend emerges v.ith respect to the most 
efficient site-curing method. 
SLARS£R1ES 
28-Da~' Results 
The data is discussed for the elements cast using OPC and CEM J separately. The 
slab series 1&2 were cast using OPC while series 3&4 were cast using CEM r. 
Obsen·ations and Discnssion: Series Cast Using OPC Concretes 
Figure 50 shows the 2g-day water sorptivity results for the OPc/GGBS (Slabs A I 
and A2l, OPC/FA (Slabs B I and 82) and OPC/CSF (Slabs CI and C2) concretes 
(togetber with environmental rating), with reference to the curing methods. 
The 28-day water sorptivity results for the OPCIBBBS concrete are "riven in Table 
56. 
T ABU 56: 2g-DA Y W AThR SORPT1V1TY RESULTS FOR OPC/GOBS CONCRLTh PbR 
C1TRr\(i METH:OD , 
'VATER W ,\TKR 
1\11:",-; lIIL.\'! 
CURING 
SORPTlVITV SO RPTIVITY 





m ... I~'b R .. llo 
mml~'h mml~'h 
WATER 7,2 5,7 6_1/j 
CO·MPOUND 7,8 7,2 ,. 0,16 
llEsSlAl' 8.5 8,2 ••• 0 .. 10 
SAND 8,3 0,7 7~ . u,t6 
UNU ilhD 7,1 7,6 7,' O,l!o 
All the results are similar and fall in a narrow baud. inside the "Good" 
durability category. No sitc-curing method appears to offer advantages in 
practical tenus. The variation hetween the results for the 5ite curing methods 
arc small in real terms and {he marginal variation between the lowest and 
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FIGl'RE 5 0: 28-DAY WATER SORPTTVTTY RESULTS FOR OPC CoNCRETES 
(TOGETHER WITH THE ENVIRONi'.lENl'AL RATING), PLOTTED AGAINST VARIOUS 
CURlNG METHODS. 
The 28--day water sorptivity results for the OPC/l'A concrete arc giv~n in Table 
57. 
T ABI,[ 5 7: 28-DAY WATER SORI'TlVITY REsULTS FOR OPClFA CONCRETli PER 
CL:RlNG MliTHOD 
WATER WATER 
)\I~ ." 'fE,\ [Ii 
Cl'R ING 
SORI'1.'JV lTV S<lRI'TlVITV 
W AH II. U JRlN'{; 
M ETHOD 
(SLAB 8 1 (SLAR B 2 
SORtT I\ IT\' Rrnrn IO~ 
SERIES) SE RIES) 
mm/',' h RH/U mml-.Jb mm/-.Jb 
WA1ER 6,5 5.6 6,1 
7,0· 
. 
COMPOUND 10,2 8,6 0,.42 . -_ . ------.--
HESSlAN 8,4 ,3 ~ 8,4 0,.19 
SAND 8,4 8,1 8.-' 0,.16 
UNCURED 10,0 8,8 9.4 O,~~ 
The results for wet curing are closer to the "Excellent" durabi lity category, while 
(he remainder of the site cured resu lts are within the "Good" durability category, 
w1th no-curing yielding the highest result (poorest properties). There is a 
noticeable variation between th" lowest and highest water sorptivity resnlt, 
indicating the sensitivity of OPC/FA concrete 10 curing. Sand curing is the most 
effective site-curing metbod followed by hessian, the application of cl.u-mg 
compound and no aetive curing (in order or efTectiveness). 
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The results for wet curing are closer to the "Exccllcnt" durability category, while 
the remainder of thc sitc cured results arc within the "Good" durability category. 
Sand curing is the most effccllve site-curing method followed by no active curing.. 
hc&nan curing and the application of curing compound (in order of eifecllveness), 
although in practical teons thcre is no rcal difference, There is a marginal 
variation between the lowest and highest water sorptivity result, indicating the 
leduced sensihvity of this concrete to curing. 
Figure 5 I shows the mean change III 28-day water sorptivity results for (he 
various curing methods, for the different concrctes and is based on the mean 
curing rcduction ratios presented in Tables 51 through 53. 
C.ring R. du<liOJl R.lio for 1-\'.1 .. Sorplivity 
Slob Sor l .. for opr blond, IS d.). R .. ult. " ,-----==========~ 
0 .. \ 
~ :;;';~:M II 
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FIGURE 51: CHANGP TN 28-DA Y W ATER SORPTlVITY RF.SI;LTS POR SW\B SERIES 
CAST USING OPC, PL01-I1'D AGAlNSTRbSPF.CflV[ C URING M[THOD. 
The OPClFA concrete exhibited the highest "curing reduction ralio" in 
comparison to OPClGGBS and OPClCSF concrete. indicating the sensitivity of 
OPClFA concrete to curing. The OPClFA concrete indicates that sand, hessian 
and the application of curing COmpOlUld are all more cffeclive \han no active 












the application of curing compOlUld, sand curing and no active curing is more 
effective than hessian curing. The OPC/CSF concrete indicates that sand and no 
active curing is more beneficial than bessian and the application of curing 
compound. 
While some variation in results is evident, generally the water sorptivity falls into 
a relatively narrow band within tbe "Good" and "Excellent" dunlbility categories. 
The values for OPCIFA concrete, although more sensitivity to curing, also fall 
within the "Good" durability category, 
Mackechniej~ indicated that for uncured Welitern Cape concreiCS consisting of a 
blend of OPCIGGBS and OPCIFA of the same concrete grade, in the same 
proportions as used in this project, water sorplivity results in the region of 12.0 
mml% were realised, Interestingly the water sorptivity results achieved for the 
slah series, for GGBS and FA concretes, are lower than this value. 
Observations and Discussion: Series Casl U5ing CEM I Concretes 
Figure 52 shows the 28-day water sorptivity results for the CEMI/GGBS (slab A3 
and A4), CEMIIFA (lilab B3 and B4) and C£M]fCSF (slab C3 and C4) concretes 
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FICVRE 52; 28-DAY WATER SORPTIVITY RESliLTS FOR CEM J CO"'CRETIlS 
(TOGEnl~.R WITIf THE ENviRONMENTAL RATING). PLOTTED AOAlNST V MI.TOI)S 
C URING MErnODS. 












TARL~ 59: 28-DAY WATER SORPTIVITY RESULTS FOR CEM I1GGBS CoNCREm 
PER CURING \1FTHOD 








IJIIR.":b "mo mmI..Jh mm/,Jb 
~ . 
WATER 6.1 '.1 • ,6 
COMPOUND 6,8 7,4 7,1 
~ 
iU7 
,~ 7,7 8.8 11,1 -·--~t~-1-SAND 6,9 7,2 7;r . 
UNCURED 9,3 S.4 " 
0,59 
The results for wet curing are within the "Excellent" dUTabihty category, while the 
remainder of the results are within the "Good" durability category, witb no active 
curing yielding the highest (poorest properties) result. Sand cunng is the most 
enectivc site-curing method followed by the application of curing compound, 
hessian and no active curing (in order of effectiveness). There is a noticeable 
variation between the lowest and highest water sorptivity result indicating the 
increased set!sitivity of GGBS to curing, when used with CEM I cement. When 
these results are compared to the OPe results, at the same element age, it is noted 
that marginally better results were achievoo for wet curing, while noticeably 
poorer results were achieved for no active curing. Thus the use of CEM I cement 
has increased the sensitivity ofGGBS concrete to curing. 
The 28-day water sorptivity results for the CEM lirA concrete are gi\en in Table 
60. 





SORYT'tVrrY S08fTlVIT)" W,\TfR !.·URINt; 
M ETUO D 
(SLAB 8J (SL.\B B-t 
SOMt'11\11\ KrDUTtI'," 
SERIES) S~RtES) 
mn~"" 1t Rxuo 
mm/-lh mmNh 
WATER 5,0 5,7 S,4 
O~UND 7,S 7,G , 0,0 -. -, 6.0 7,0 M 0"0 
SAND 4.9 7, I 6,0 0,11 
UNCURED 6.6 7,4 -----7.0 0"'" 
The results for wet curing arc within the "Excellent" durability category. while the 
remaiuder of the results are withit! the "Good" durability category, with curing 
compound curing yielding the highest result (poorest properties), Sand curing is 
the most effective site-cunng method followed by hessian curing, no active curing 
and the application of curing compound (in order of effectiveness). There is a 
noticeable variation between the lowest and highest water sorptivity result. When 
these results are compared to the ope results, at the same clement age, it is lDted 
that generally the use of CEM r cement results in marginally lower i.e. more 












The 28-day water sorptivity results for the CEM IICSF concrete are given in 
Table 61. 
TAlILE 61; 28-DA Y WATllR SORPTIVITY REsL'LTS ~OR CEM IICSF CONCRETE PER 
CURlNG ~1ETH.OD 
WATER I '"VATER :\1("", 
SORPTlVTTY SORPTIVITY .\lL." 
CLRI~(; 
(SLAB C3 (SLABC4 
W,\nR O.IIII"r; 
METHOD &KIl'TI\'IT\ Jbm n 10" 
SERIES) SERIES) 
m'I\I,'h IU n" rumJ~'h I ru mJ..Jb 
WATF.R 
~ , ',. 6,1 ~,9 
COMPOUND 9,' No data 9,' fl./\.' 
HESSIAN 8,4 6,8 ,. 0.29 
SAND 8' , 1\0 data 8,l 0-'9 .. ~ 
UNcuRED 9,0 ~o data ',0 0,5J 
The results for wet cnring are within the "Excellent" durability category, while the 
remainder of the results are within the "Good" durability category, with curing 
compound curing yielding the highest (poorest propet1ies) result. Hessian curing 
is the most effective site-curing method followed by SiIlld curing. no active curing 
and the application of curing compolllld (in order of effectiveness). There is a 
noticeable variation between the lowest and highest water sorptivity result. 
indicating the sensitivity to curing. When these results are compared to the OPC 
results, at the same element age, it is noted that the use ofCEM I cemen1 resutts in 
marginally higher i.e. tess favourable results for no active curing but similar 
results for wet curing. 
Figure 53 shows the mean change in 28-day water sOIptivity results for the 
various curing methods, for the different concretes and is based on the mean 
curing reduction ratios presented in Tables 54 through 56, 
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FIGURE 53: CHANGE IN 28-DA): WATER SORPTlVlTY RESULTS FOR SLAr> SERIES 












Given the scatter of results it is not possible to indicate which concrete type is 
more or less sensitive to curing in relation to another. The OPCIFA concrete 
indicates that sand and hessian curing is more effective than no active curing or 
the application of curing compound. OPC/GGBS concrete indicates that sand 
curing and the application of curing compound is more effective than hessian 
curing or no active curing. The OPC/CSF concrete indicates that sand and hessian 
curing is more beneficial than no active curing or the application of curing 
compound. Thus, taken on balance, sand and hessian curing appear to be more 
effective than the application of curing compound and no active curing. 
While some variation in results is evident the water sorptivity falls generally into 
a narrow band within the "Good" and "Excellent" durability categories. This is 
possibly one of the drawbacks of the results in that they are "Too Good" and thus 
do not indicate the beneficial effect of the curing methods utilised. It must be 
stressed however, as established in Chapter 4, that in a national context, the 
environment in East London is more favourable to developing good durability 
properties than in Johannesburg by comparison. It is thus crucial to view the 
beneficial effect of curing, in relation to the environmental conditions pertaining 
to the curing period. 
The use of CEM I cement has resulted in an increase in sensitivity of the GGBS 
and CSF concretes to curing, while the FA concrete exhibits a similar sensitivity 
to curing as noted for the OPC cement. 
Conclusions Relating to 28-Day Results 
Based on the foregoing observations and discussion, and subject to the 
environmental conditions experienced, the following can be concluded: 
• GGBS concrete in slabs exhibited definite sensitivity to curing at 28 days 
for OPC and CEM I cements. The water sorptivity for the various site-
cured samples are within the "Good" durability category for both OPC and 
CEM I cement. For wet curing the OPC cements produce "Good" durability 
properties while the CEM I cements produce "Excellent" properties. The 
use of CEM I cement with GGBS results in a noticeable reduction in water 
sorptivity for wet curing but an increase in water sorptivity for no active 
curing, when compared to OPC cement. No active curing is more beneficial 
than sand curing, the application of curing compound or hessian curing (in 
order of effectiveness) for OPC/GGBS concretes at 28 days. For the CEM 
I1GGBS concrete at 28 days this trend is not repeated in that the application 
of curing compound and sand curing is more beneficial than hessian curing 
or no active curing (in order of effectiveness); 
• FA concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM I cements. The water sorptivity for the various site-cured 
samples are within the "Good" durability category for both OPC and CEM I 
cement. For wet curing the OPC cements produce "Good" durability 
properties while the CEM I cements produce "Excellent" properties. The 
use of CEM I cement with FA results in a noticeable reduction in water 
sorptivity when compared to OPC cement. The sand curing is more 
beneficial than hessian curing, the application of curing compound or no 
active curing (in order of effectiveness) for OPCIFA concretes at 28 days. 














is more beneficial than hessian curing, flO active curing and the application 
of curing compound (in order of effectivClless); 
• CSF concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM I cements. The water sorptivity for the various site-cured 
samples are within the "Good" durability category ror both OPC and CEM I 
cement. For wet curing the OPC cements produce "Good" durability 
properties while the CEM I cements produce "Excellent" properties. Sand 
curing is more beneficial than no active curing, hessian curing or the 
application of curing compounJ (in order of effectiveness) for OPClCSF 
concretes at 28 days. For the CEM IICSF concrete at 28 days this trenJ is 
not repeateJ in that hessian curing is more beneficial than sand curing, no 
active curing or the application of curing compound; and 
• FA concrete when used with OPC cement exhibited a marked sensitivity 10 
curing when compared to the GGBS and CSF concrete used with OPC 
cemCllt. For aM I cement however FA concrete did not exhibit this tnmJ 
and showed similar sensitivity to cuting as for CSF concretes when used 
with CEM I cement. However GGBS concrete when used l,vith CEM I 
cement, exhibited marked sensitivity to curing, relative to OPC cement. 
SLAII SERIES 
lUI-Day Results 
The dat:l are JiscusseJ for the elem~nts cast using OPC and CEM I separately. 
The slab series 1&2 were cast using OPC wbile series 3&4 were cast using CEM 
J. 
Observations and Discussion: Series Cast Using OPC Concrete 
Figure 54 shows the l20-day water sorptivity results for the three concretes 
(together with environmental rating), with reference to the curing meth()J~. 
The 120--day water sorptivity results for the OPCIGGBS concrete are given in 
Tabk 62. 
TAIILE 62: nO-DAY WATER SORPTIVIIT REsULTS FOR OPCIGGBS CONCRETE 






(SUB Ai (SLABA2 
l\IUIiOD 
SERt~S) SIlRJIi.S) 
SOMru. rn K[DH.-I"I<)~ 
"".h'b R ,nn rnrni,'h mml'!'h 
WATER 4Jj 6,3 !I.2 
---------0; 11 . COMPOl.JND 5,2 6,9 ~. 
HESSIAN 6,2 (Outlier) 6,2 0,10 
SA"'I) 6,5 5,5 ~.~ 0,17 
U,,'a;RED , 6, !I," D," 
All the results are similar anJ fall into a narrow band, within the "Go<x]" and 
"Excellent" durability categories. Wet. sand anJ no active curing ilrC in the 













"Good" durability category. No active curing is the most effective site-curing 
method followed by sand cunng. \he application of curing compound and 
hessian curing (in order of effectiveness). However, little variation is evident 
between the various site-cured results and they effectively yield the same 
durability properties. Similarities exist when \he effectiveness of the various 
site-curing methods are compared with the 28-day results in that the ranking or 
order of curing effectiveness is unchanged with time. The change m water 
s.orptivity Te:;ults n:lative 10 \he 28-day results. using the 120-day results as a 
base, indicatc:s that no active curing shows the largest change while the 







! " , 
i " , 
" 
" 
• . 0 
WOlff Sorptlvlty Slob Sorl., 
for 0 PC blend. @ 110 day . 
Cu'., "',,, •• 





C" " ('I I 
c"" '" j 
FIGURE 54: 120-DAY WAlER SORf'TJVJTY RESULTS FOR ope CONCRE'IES 
(TOGI"l"HF.R Wrrn TIffi ENYffiON)..IENTAL RA"jI)<iG), PLOTIED AGAINST 
VARIOL:S CURi~'G METHODS. 
The 120-day water sorptivity results fOf the OPC! FA ~()ncrdc ar~ given In 
Table 63. 
TARl); 63 : 120-DAY WATER SORPT1VITY RESULTS FOR OPC/FA CONCR!)]!) PIR 
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All the site-cured results are similar and fall into a fairly narrow band, within the 
"Excellent" durability category, whi le wet cwing is in the "Excellent" durability 
category and is somewhat better than the site cured results, Sand curing is the 
most effective site-curing method followed by hessian curing, no active curing 
and the application of curing compound (in order of effectiveness), However, 
little variation is evident between the varions site-cured results and they 
effectively yield the same durability properties. When comparing the 
effectiveness of the various site-curing methods with the 28-day resu1\s, 
similarities exist in that relative ranking of sand and hessian curing is unchanged 
with lime. Iior the application of cl.ning compound and no active curing 
however, the ranking or order of curing effectiveness hm; altered with time. The 
change in water sorpthity results re lative to the 28-day results, using the 120-
day results as a base, indicate that no act ive curing shows the largest change 
while wet curing the least. 
The l2O-day water sorptivity I'c sults for the OPCiCSF concrete are given in 
Table 64. 
TAIl LE 64: 120-DAY WATER SORPTIVIIT RESULTS liaR CSF CONCRETE PER 
CURING METHOD , 







Sotln1\"m' Il rrH't'l IO,", SKKILS) SERIES) 
tlUII,I~'1I' RnJIJ 
mml~rh mml~'h 
WATLR No data 6,1 '.1 
COMl'OUND 7.0 7.2 .1 0.11) 
HE~'SIAN 6,3 6.2 ._, 0,Q3 
SAND 5.3 7.2 .- 0,03 
U:>-''CURED '.8 6.1 S_<; 
All the results are similar and fall into a narrow band, within the "Good" and 
"Excellent" durability categories. No active curing produces "Excellent" 
properties, while the remainder of the curing methods produce "Good" 
properties. Ko active curing is the most effective site-curing method followed 
by hessian, sand curing and the application of curing compound (in order of 
effectiveness). While variation is evident behveen the various site-cured results, 
with the exception of no active curing they effectively yield the same durability 
properties. This is an indication that the absence of active curing has not unduly 
penalised the site concrete at 120 days, and this is true for GGBS and FA 
concretes also. 
Similarities exist when the effectiveness of the various site-curing methods are 
compared with the 28~day results in that the ranking or order of curing 
effectiveness is similar with time. Both sand and no active curing are shown to 
be more effe.;tive than hessian or the application of curing compound and this 
remains constanl with time. The change in water sorptivity results, relative to 
the 28-day results using the 120-day results as a base, indicate that hessian 












Figure 55 shows the mean change in 120-day water wl]Jtivity results for thc 
various curing methods, and different binders and is based on mean curing 
redoction ratio as presented in Tables 57 through 59, 
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FICURE 55; CHANGE iN 120-DAY WATER SORI'TIVITY RESULTII FOR SLAB 
SERIES CAST USIl'C OPC, PLOTreD ACAtNSTREs PECI1VE CURiNG M ETHOD. 
OPC/GOBS and OPC/F A concretes gcncrally exhibited a higher "curing 
reduction ratio" relative to OPC/CSF concrete. This is an indication of the 
sensitivity of these concretes \0 wei curing. The OPC/GOBS concrele indicates 
that no active curing is the most effective site-curing method, followed by sand 
curing, thc application of curing compound and hcssian curing, an indicating 
very similar ratios. OPC/F A concrete indicates that sand curing is the most 
effective, followed by hessian curing. no active curing and (he application of 
curing compou d, also indicating a similar ratio. For OPC/CSF concrete no 
"curing reduction ratio" is indicated for no active curing since it is negative. A 
negative curing redlJ{:tion ratio indicates that the site-curing method results in a 
more favowable durability property (hun wet curing. Considering the dala (hIS 
has been shown to be: unlikely. hence negative ratios are considered anomalous. 
Thc sand and hessian curing for OPC/CSF concrete is shovO'TI to be the most 
effectivc sitc-curing mcthods with similar ratios, followed by the application of 
curing compound, with a noticeable increase in ratio. 
The "curing reduction ratio" for OPCIF A concrete has reduced from 0,36 to 0,55 
at 28 days to 0,18 to 0,25 at 120 days. For OPc/GGBS coucrete the ratio has 
reduced with timc from 0,04 to 0,20 at 28 days to 0,18 to 0,25 at 120 days. For 
OPc/CSF concrete the curing reduction ratio has remained constant with time 
trom 0,04 to 0,15 at 28 days to 0,03 to 0, (6 at (20 days. 
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Figure 56 show~ the 120-day water sorptlvity results for Ibe vanous concrek 
(together with environmental rating), with reference to tbe curing methods. 
FIGURE 56: 120-DAY WATER SORPTNITY RESULTS FOR CEM 1 CoNCREIT 
(TOGETHER Wllll THE ENVIRONMENTAL RATING). PLOTrED AGAlNS'!, 
V ARJooS CURrNG METHODS. 
The 120-day water sorptivity results for the GGBS/CEM I concrete are given in 
Table 65. 
TABLE 65: l20-DAY WATER SORP1'JVn'y RESLLTS FOR CEM VGGBS CO);"CRIJ'j'E 
PER CURING METHOD 
W.~TER WA1l!:R 
)IE.\N I\h: A~ 
SORI'T1V1TY SORPTIVITY 
CURlNG 
{SLA8A3 (SUII A4 
\\ATHoI ClIRI~'G 
MF.TlIO]) SORl'lWITY Rr.1lI ("TK)~ 
SER!r.s) SERIES) nm,h'h Ihnu 
mm/"h mmI'h 
WA1TR 4,8 5,0 4.9 
, 
6,2 6,2 -- -0)7---MPOUND .- , 
HESSIAN 6,0 5,8 S.9 U,lO , -"--
SAND 5,7 5,4 S,6 0,14 
UNCURED 5,7 6,3 ," o,n 
Wet CLlring develops the most favourable rc:sult, within the "Excellent" durubility 
category, improved in relation to the site cured concretes. All tbe site-cured 
results are similar and fall into a narrow band in thc "Exce!lent" and "Good" 
durability categories. Sand curing, hessian curing and no active curing (in order 
of effectiveness) are marginally more effeclive than the application of curing 
compound and are within tbe "Bxcdk-nt" category. The application of curing 
compound curing resu..lt is within the "Good" durability calegory. 











that sand curing is the only curing method that has not altered in relative 
ranklllg. When these resrdts are compared to the OPC cement results at the same 
clement age, no visible effect is evidCllt and tbe results are practically 
"indistinguishable". 
The 12U-day water sorptivity r~\1lts for thc CE\\ 1/1:1\ concrete arc given in 
Table 66. 
TABU 66: l20-DAY WATER SORT'TlYJTY RE~TS FOR CEM [!FA CONCRETE 
PER ClIRlNG METHOD . 
W.\HR 'VATER 





(SLAII IU (SLAB B4 
SOIU'TI\'IJ"\ llf.1)1 (Tlli:'< 
SERIE S) SERIES) ",,,.h' lt )LA 110 
mmi' h IIIm/..Jh 
WATER 5,2 3,9 4_(, .. 
CoMPOUND 4,9 5,5 5_1 O,U 
lIESSIAN 5,2 4,6 4.9 0,07 
SAND 5, I 4,4 4~ 0,", 
- - -" 
4,4 
. 
O,l)4 --UNC\.."RED 5, 4,' 
Wet curing develops the most favourable resnlt, within the "Excellent" durability 
category, marginally improved in relation to the site cured concretes. All the 
site-cured resu lts arc similar and fall into a narrow baud inside the "Excellent" 
durability categories. Sand curing is shown to be the most effective site-curing 
method, marginally more effective than no acllve curing, hessian curing and the 
application of curing compound. Notwithstanding the above, little variation is 
e~ident between the various site-cured results and tbey effectively yield the swue 
durability properties. 
When compared with the 28-day results for CEM lIFA coocrete it is noted that 
sand curing and curing compound curing are the only curing methods that have 
not altered in relative ranking. When these results are compared to the OPC 
ceme[Jt results at the s<llIle element age. no visible effect is evidrnt and the 
resu Its are practically "indistinguishable". 
The 120-day water sollltivity results for the CEVI T/CSF concrdC an.: given in 
Table 67. 
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Wet curing develops lhe mosl favouruble result, within the "Excellent" durability 
calegory, noticeably improved in relation to the site cured concreles. All the 
site-cured results are similar and fall into a narrow band inside the "Good" 
durability categories. Sand and hessian curing are Soo"'l1 to be the most 
effective slle-curing methods, marginally more effective than the application of 
curing compound and the no active curing, Notwithslandmg the above, little 
varialion is eVIdent between the sand, hessian and curing compound curing, 
while the no active curing exhibits a noticeable shift. However lhe results are 
practically similar and they effectively YIeld the same durabilily properties. 
When compared with the 28-day results for CEM VCSF concrele it is noted no 
site-curing methods have not retained their relative ranking. When these results 
are compared to the OPC cement results at the same clement age, no visible 
effect is evident and the results arc practically "indistinguishable". 
Figure 57 shows the change in 120-day water sorptiYity results for the various 
curing methods, for the variolls concretes and is based on the mean curing 
reduction rntio reflected in Tables 60 through 62. 
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FIGURE 57: CHANGE 120-DA Y WATIlR SORPTIYTTY RESULTS FOR SLAB SERIES 
CAST USING CEM i , PLOTIllD AGAlI'ST REsPECTIVE CIJRING M ETIIOD. 
CEM IIGGBS and CE/l.l IICSF concretes generally exhibited a higher "curing 
reduction ratio' in comparison with OPCIF A concretes, indicating the sensitivity 
of these concretes to curing. Since the various site cllred results are very similar 
this is in effect an indication of the sensitivity of the concrete 10 wet cunng. 
The CEM IIGGBS concrete indicates that sand curing is the most effective site-
curing method. followed by hcssinn curing, no active curing and the application 
of curing compound. all indicating very similar ratios. CEM IfFA concrete 
indicates that sand curing and no active cunng are equally and marginally more 












indicating a similar ratio. The CEM I1CSF concrete indicates that sand and 
hessian curing are more effective than the application of curing compound and 
no active curing. In this case a substantial variation exists in "curing reduction 
ratio" between no active curing and the other site-curing methods. 
The curing reduction ratio for CEM I1GGBS concrete has reduced from 0,27 to 
0,59 at 28 days to 0,14 to 0,27 at 120 days. CEM I1FA concrete has indicated a 
reduction with time from 0,12 to 0,43 at 28 days to 0,04 to 0,13 at 120 days. For 
CEM I1CSF concrete the "curing reduction ratio" has reduced marginally with 
time from 0,29 to 0,63 at 28 days to 0,23 to 0,43 at 120 days. 
The use of CEM I cement has had no change in the sensitivity of the GGBS 
concrete while it has reduced the sensitivity of the FA concrete to curing and 
increased the sensitivity of the CSF concrete to curing, at 120 days. 
Conclusions Relating to 120-Day Results 
Based on the observation and discussion and subject to the environmental 
conditions experienced by the elements, the following can be concluded: 
• GGBS concrete in slabs exhibited definite sensitivity to curing at 120 days 
when used with OPC and CEM I cements. The water sorptivity for the 
various site-cured samples are within the "Excellent" and "Good" 
durability category for both OPC and CEM I cement. The change in 
cement type has had no influence on the GGBS concrete water sorptivity 
results. No active curing is more beneficial than sand curing, the 
application of curing compound curing or hessian curing (in order of 
effectiveness) for OPC/GGBS concretes at 120 days. For the CEM I 
concrete at 120 days sand curing is more beneficial than hessian curing, no 
active curing or the application of curing compound (in order of 
effectiveness). While marginal variations in durability quality are evident 
for site cured concrete, practically no site-curing method is more effective 
than another and the results are generally "indistinguishable". In terms of 
change in water sorptivity with time, the OPC and CEM I cements exhibit 
a similar reduction in water sorptivity with element age and does not 
follow any set trend; 
• FA concrete in slabs exhibited definite sensitivity to curing at 120 days for 
OPC and CEM I cements. The water sorptivity for the various site-cured 
samples are within the "Excellent" durability category for both OPC and 
CEM I cement. The change in cement type has had no influence on the 
FA concrete water sorptivity results. Sand curing is more beneficial than 
hessian curing, no active curing and the application of curing compound 
(in order of effectiveness) for OPCIFA concretes at 120 days. For the 
CEM I concrete at 120 days sand curing is more beneficial than no active 
curing, hessian curing and the application of curing compound (in order of 
effectiveness). As noted for GGBS concretes, the durability properties of 
the various site cured concretes are generally "indistinguishable". In terms 
of change in water sorptivity with time, the OPC and CEM I cements 
exhibit a similar reduction in water sorptivity with element age and does 
not follow any set trend; and 
• CSF concrete in slabs exhibited definite sensitivity to curing at 120 days 












cured samples are within the "Good" durability category for OPC and 
CEM I cements. Once again the influence of cement type has resulted in 
no variation in durability properties. No active curing is more beneficial 
than sand curing, the application of curing compound or hessian curing (in 
order of effectiveness), for OPC/CSF concretes at 120 days. For the CEM 
I concrete at 120 days sand and hessian curing are more beneficial than the 
application of curing compound and no active curing (in order of 
effectiveness). As noted for the GGBS and FA concretes little variability 
exists between the results for the site cured concretes and they are 
practically the same. In terms of change in water sorptivity with time, the 
OPC and CEM I cements exhibit a similar reduction in water sorptivity 
with element age and does not follow any set trend. 
General Conclusions Relating to Site Cured Slab Samples 
Based on the observations and discussion in the proceeding section of this 
chapter the following can be concluded, relative to site cured slab samples, and 
are considered as the key findings for this chapter: 
• GGBS concrete in slabs exhibited definite sensitivity to curing at both 28 
days, exhibited by the variation between wet and site cured results, and 
120 days, when used with both OPC and CEM I cements. This was more 
evident for CEM I cement at 28 days but at 120 days this trend was not 
repeated and the results were practically similar for both cement types. At 
28 days the water sorptivity for the various site-cured results is within the 
"Good" durability category for both OPC and CEM I cements. The water 
sorptivity results reduce with time and at 120 days they are within the 
"Good" and "Excellent" durability category for both OPC and CEM I 
cements. At 28 days no site-curing method is discernibly more effective 
than another. At 120 days the use of sand curing is consistently more 
beneficial than the application of curing compound or hessian curing (in 
order of effectiveness) for both the OPC and CEM I cements. The change 
in cement type appears to have little or no influence on the reduction of the 
water sorptivity with time; 
• FA concrete in slabs exhibited definite sensitivity to curing at both 28 
days, exhibited by the variation between wet and site cured results, and 
120 days, when used with both OPC and CEM I cements. This was more 
evident for OPC cement at 28 days but at 120 days this trend was not 
repeated and the results were practically similar for both cement types. At 
28 days the water sorptivity for the various site-cured results is within the 
"Good" durability category for OPC cement and within the "Good" and 
"Excellent" durability category for CEM I cements. The water sorptivity 
results reduce with time and at 120 days they are within the "Excellent" 
durability category for both OPC and CEM I cements. At 28 days sand 
curing is consistently more beneficial than hessian curing, the application 
of curing compound or no active curing for both OPC and CEM I cements. 
At 120 days sand curing is consistently more beneficial than the 
application of curing compound or hessian curing for both the OPC and 
CEM I cements. The change in cement type appears to have little or no 
influence on the reduction of the water sorptivity with time; 
• CSF concrete in slabs exhibited definite sensitivity to curing at both 28 











120 days, when used with both OPC and CEM I cements. This was more 
evident for CEM I cement at 28 days but at 120-day this trend was not 
repeated and the results were practically similar for both cement types. At 
28 days the water sorptivity for the various site-cured results is within the 
"Good" durability category for OPC and CEM I cements. The water 
sorptivity results reduce with time and at 120 days they are within the 
"Good" durability category for both OPC and CEM I cements. At 28 days 
sand curing is consistently more beneficial than hessian curing, the 
application of curing compound or no active curing for both OPC and 
CEM I cements. At 120 days sand curing is consistently more beneficial 
than the application of curing compound or hessian curing for both the 
OPC and CEM I cements. The change in cement type appears to have 
little or no influence on the reduction of the water sorptivity with time; 
• It should be noted that the relatively good results that quite frequently 
occurred with no active curing can be attributed to some degree to the 
favourable environmental conditions at East London at the time, and 
poorer uncured results are likely, in hotter, drier and less humid 
environments. Likewise, instances of poor performance of curing 
compound curing, compared to no cure, can possibly be attributed to the 
barrier effect at the curing compound precluding the access of favourable, 
moist, environmental conditions to the element, particularly during the 











6.4.3.6 Geul"ral Summary Relating 10 S ill" Curl'([ Samples (Walb arid Slab~) 















\' A I .UE.~ WITH 
0,2 to 0,4 
Water 
0,3 10 0 ,4 
(5,(1) 
c. 
2W, 10 400/0 
reduction 
Water (6,9) Uncuroo (5,~) 
Sand(7,I) Wa\er(6,1) 
Uncured (7,2) ,S,mdC~(~6p,J;) 
Hessian (7,6) ;-; . (7,1) 
ir'-':;::::;ol;;:l.,t"ll % to 310/0 
reduction 
• Notc The curing sensitivity is indicated by the "curing reduction ratio". 
















OXYGEN PERMEABILITY INDEX RESULTS 
7.1 INFLUENCE OF WATERIBINDER RATIO 
7.1.1 OXYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS 
Table 69 shows the waterlbinder ratios required to achieve a characteristic 
compressive strength of 30 MPa for the wall series and 35 MPa for the slab series, 
for the three concrete types. 
TABLE 69: WA TERIBINDER RATIOS FOR WALL AND SLAB ELEMENTS. 
BINDER TYPE 
W ATERIBINDER RATIO 
WALL SERIES SLAB SERIES 
OPC/GGBS 0,50 0,46 
OPCIFA 0,50 0,47 
OPC/CSF 0,57 0,54 
Figure 58 shows the 28-day oxygen permeability index results for wet-cured 
cubes, plotted against the respective waterlbinder ratio, for the three binder types. 
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FIGURE 58: OXYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS PLOTTED 
AGAINST WATERIBINDER RATIO FOR WET-CURED CUBES. 
The result for wall A appears anomalous (8,99) when compared with the other 
results despite the statistical analysis indicating the data can be included. The 











make reference to discernible trends in relation to binder type. This is further 
amplified in section 7.2. 
The GGBS concretes exhibit a spread of results rather than a distinct grouping, 
related to the change in cement manufacture specification, while the FA concretes 
exhibit a distinct grouping. However the absence of a full set of results makes it 
difficult to comment decisively regarding the effect of the change in cement type. 
CSF concretes exhibit a definite grouping of results with a shift (from ~ 9,80 to ~ 
10,00) between the two groups. In terms of the coefficient of permeability (k) this 
shift represents a change of ~ 60 %. It would thus appear that OPC cement has 
the effect of increasing (Le. improving) the oxygen permeability index. 
For the slab series the OPC/GGBS concrete yields oxygen permeability index 
results in the range of9,55 to 9,72. The OPCIFA concrete yields a result of 10,21 
and the OPC/CSF concrete a result of 10,02. The OPCIF A concrete yields the 
highest (most favourable) oxygen permeability index results followed by 
OPC/CSF concrete (a change of ~ 55 % in k relative to OPCIFA). OPC/GGBS 
concretes exhibit the lowest (poorest) results (a change of ~ 275 % in k relative to 
OPCIFA). 
For the slab series the CEM I1GGBS concrete yields oxygen permeability index 
results in the range of 9,51 to 9,54. The CEM IIF A concrete yields a result of 
9,86 and the CEM I1CSF concrete results in the range of 9,72 to 9,84. The CEM 
IIF A concrete yields the highest (most favourable) oxygen permeability index 
results followed by CEM I1CSF concrete (a change of ~ 20 % in k relative to 
CEM I1FA). CEM I1GGBS exhibit the lowest (poorest) results (a change of ~ 115 
% in k relative to CEM IIF A). 
For the wall series the OPCIFA concrete yields an oxygen permeability index of 
10,14 and the OPC/CSF concrete an oxygen permeability index of 9,79. In terms 
ofk the difference between these two results is ~ 125 %. 
As a general characterisation33, oxygen permeability index above 10,0 is 
considered to provide "Excellent" durability properties, above 9,5 and below 10,0 
is considered "Good", below 9,5 is considered "Poor" and below 9,0 is considered 
"Very Poor". All the results for OPCIF A concrete fall inside the "Excellent" 
durability category, while the remainder of the results are inside the "Good" 
durability category. 
Ignoring the results for elements cast using CEM I cement and comparing the 
results for slabs and walls cast using OPC cement, it is noted that as the 
waterlbinder ratio decreases (the quantity of binder increases) the oxygen 
permeability index increases (improves), for a given binder. 
When comparing the above data with currently available oxygen permeability 
data, from the Western CapelS, for 28-day wet-cured samples, it was noted that 
the GGBS concretes, for this project, exhibited noticeably poorer results (of the 
order of between two and five times, based on k). The FA concrete results, for 
this project, were also lower (of the order of two times, based on k) and the CSF 
concrete results, for this project, were also poorer (of the order of three to four 











7.1.2 OXYGEN PERMEABILITY INDEX RESULTS AT 120 DAYS 
Figure 59 shows the 120-day oxygen penneability index results for wet-cured 
cubes plotted against the respective waterlbinder ratio, for the three binder types. 
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FIGURE 59: OXYGEN PERMEABILITY INDEX RESULTS AT 120 DAYS PLOTTED 
AGAINST WATERIBINDER RATIO FOR WET -CURED CUBES. 
All of the concretes exhibit a spread of results rather than a distinct grouping 
related to the change in cement manufacture specification. Given the data 
presented here it is not possible to comment on the consistency of the trend noted 
at 28 days i.e. the OPC cement has the effect of increasing (i.e. improving) the 
oxygen penneability index. Notwithstanding this the oxygen penneability index 
results have generally increased, which indicates an improvement in oxygen 
penneability index with time. 
For the slab series the OPC/GGBS concrete yields oxygen penneability index 
results in the range of 9,33 to 9,69. The OPCIFA concrete yields results in the 
range of 10,01 to 10,23 and the OPC/CSF concrete a result of9,96. The OPCIFA 
concretes yield the highest (more favourable) oxygen penneability index results 
followed by OPC/CSF concretes (a change of - 45 % in k relative to OPCIFA). 
OPC/GGBS exhibit the lowest (poorer) results (a change of - 170 % in k relative 
to OPCIFA). 
For the slab series the CEM I1GGBS concrete yields oxygen penneability index 
results in the range of 9,63 to 9,73. The CEM I1FA concrete yields results in the 
range of 9,93 to 9,98 and the CEM I1CSF concrete results in the range of 9,76 to 
9,98. The CEM I1FA concrete yields the highest (more favourable) oxygen 
penneability index results followed by CEM I1CSF concretes (a change of - 20 % 
in k relative to CEM I1FA). CEM I1GGBS exhibit the lowest (poorer) results (a 











For the wall series the OPC/GGBS concrete yields an oxygen permeability index 
of 9,52, OPCIFA concrete an oxygen permeability index of 10,31 and OPC/CSF 
concrete 9,96. 
All the results for OPCIF A concrete fall inside the "Excellent" durability category, 
while the remainder of the results are inside the "Good" durability category. It 
must be noted however that the results for CEM IIF A are very close to the 
"Excellent" durability category as is the case for both OPC/CSF and CEM I1CSF 
concretes. 
Ignoring the results for elements cast using CEM I cement and comparing the 
results for slabs and walls cast using OPC cement, does not yield any discernible 
trend given the scatter of results. 
7.1.3 CONCLUSIONS RELATING TO THE INFLUENCE OF WATERIBINDER RATIO 
Based on the observations and discussion, the following can be concluded: 
• Change in waterlbinder ratio within the range of 0,46 to 0,57 has the effect 
of increasing the oxygen permeability index, as the ratio is reduced, for fully 
wet-cured samples with OPC cement at 28 days. At 120 days this trend is 
not sustained. In addition, the following trends were noted from the data in 
respect to binder type. 
• The FA concretes exhibit marginally higher values of oxygen permeability 
index at 28 and 120 days when compared with CSF concretes, but exhibit 
substantially higher values when compared with GGBS concrete at both 28 
and 120 days. The oxygen permeability index is markedly sensitive to 
cement extender type; 
• The use of OPC cement resulted in slightly higher oxygen permeability 
index at 28 days, when compared with CEM I cements, however at 120 days 
this trend was not clearly defmed. 
These points are further amplified in the next section. 
7.2 INFLUENCE OF BINDER TYPE 
7.2.1 OXYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS 
Figure 60 shows the 28-day oxygen permeability index results for wet-cured 
cubes, plotted agairW the respective core compressive strengths for the three 
binder types. 
In general the OPC cement concretes show improved (Le. higher) oxygen 
permeability index results when compared to the CEM I cement concretes per 
cement extender type. The range in oxygen permeability index values is 
substantial over the range in compressive strengths shown, particularly for FA 
concretes. The influence of binder type is very pronounced in this case, exhibited 
by the large spread of results. FA and CSF concretes consistently produce more 
favourable oxygen permeability index results when compared to GGBS concretes 
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FIGURE 60: OXYGEN PERMEABILITY INDEX RESULTS AT 28 DAYS PLOTTED 
AGAINST 28-DAY COMPRESSIVE CORE STRENGTHS FOR WET-CURED CUBES. 
7.2.2 OXYGEN PERMEABILITY INDEX RESULTS AT 120 DAYS 
Figure 61 shows the 120-day oxygen penneability index results for wet-cured 
cubes, plotted against the respective core compressive strengths for the three 
binder types. 
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FIGURE 61: OXYGEN PERMEABILITY INDEX RESULTS AT 120 DAYS PLOTTED 











No distinction is evident between the results for OPC and CEM I cement in this 
case. FA and CSF concretes consistently produce more favourable oxygen 
permeability index results when compared to GGBS concretes used with both 
OPC and CEM I cement. 
7.2.3 CONCLUSIONS RELATING TO THE INFLUENCE OF BINDER TYPE 
Based on the observations and discussion the following can be concluded: 
• The influence of binder type is pronounced for well cured concretes in the 
strength ranges given at both 28 and 120 days; 
• FA concretes consistently yielded the most favourable oxygen permeability 
index at 28 days followed by CSF concretes with a marginal reduction in 
durability properties. GGBS concretes however exhibited substantially 
poorer durability properties when compared with the FA concrete results; 
• At 120 days the above trend is repeated in that FA concrete exhibits 
marginally more favourable oxygen permeability index results compared to 
CSF concretes while GGBS concretes exhibit noticeably poorer durability 
properties relative to FA and CSF concretes; and 
• While OPC cement exhibited noticeably improved oxygen permeability 
index results compared with CEM I at 28 days.
7.3 INFLUENCE OF ELEMENT AGE 
7.3.1 GGBS CONCRETES 
Table 70 shows the change in oxygen permeability index with time for wet-cured 
concretes. 
TABLE 70: OXYGEN PERMEABILITY INDEX RESULTS AT 28 AND 120 DAYS, FOR 
SLAB A SERIES. 
ELEMENT OXYGEN PERMEABILITY 
OXYGEN PERMEABILITY 
INDEX @ 28 DAYS INDEX @ 120 DAYS 
SLAB Al 9,55 9,33 
SLABAl 9,72 9,69 
SLABA3 9,51 9,63 
SLABA4 9,54 9,76 
The oxygen permeability index reduces with element age for OPC cements and 
improves with age for CEM I cement. While the variation is small the trend is 
well established. 
7.3.2 FA CONCRETES 












TABLE 71: OXYGEN PERMEABILITY INDEX RESULTS AT 28 AND 120 DAYS, FOR 
SLAB B SERIES. 
ELEMENT 
OXYGEN PERMEABILITY OXYGEN PERMEABILITY 
INDEX @ 28 DAYS INDEX @ 120 DAYS 
SLABBI No data 10,23 
SLABB2 10,21 10,01 
SLABB3 No data 9,93 
SLABB4 9,86 9,98 
The oxygen permeability index reduces with element age for OPC cements and 
improves with age for CEM I cement. While the variation is small the trend is 
well established. 
7.3.3 CSF CONCRETES 
Table 72 shows the change in oxygen permeability index with time for CSF 
concretes. 
TABLE 72: OXYGEN PERMEABILITY INDEX RESULTS AT 28 AND 120 DAYS, FOR 
SLAB C SERIES. 
ELEMENT 
OXYGEN PERMEABILITY OXYGEN PERMEABILITY 
INDEX@28DAYS INDEX @ 120 DAYS 
SLABCl No data No data 
SLABC2 10,02 9,96 
SLABC3 9,72 9,76 
SLABC4 9,84 9,98 
The oxygen permeability index reduces with element age for OPC cements and 
improves with age for CEM I cement. While the variation is small the trend is 
well established. 
7.3.4 CONCLUSIONS RELATING TO THE INFLUENCE OF ELEMENT AGE 
Based on the observations and discussion the following can be concluded: 
• FA, GGBS and CSF concretes show a trend of oxygen permeability index 
increasing (more favourable) with time, when used with CEM I cement. 
When used with OPC cement the FA, GGBS and CSF concretes indicate a 
trend of reducing (less favourable) with time. This trend requires more 
investigation. 
7.3.5 GENERAL CONCLUSIONS RELATING TO WET-CURED SAMPLES 
Based on the observations and discussions in the preceding three sections of this 
chapter the following can be concluded, relative to fully wet-cured samples, and 
are considered the key findings for the first section of this chapter: 
• The FA concretes produce the highest oxygen permeability index results at 
both 28 days and 120 days. The 28-day oxygen permeability index results 
are within the "Excellent" durability category for OPC cements, and "Good" 














results for this concrete exhibit the trend of improving in quality with time 
for CEM I cement, while the converse is true for OPC cements; 
• The oxygen permeability index for CSF concrete exhibited a marginal 
reduction (poorer properties) in comparison to the FA concrete at 28 days, 
within the "Excellent" durability category for OPC cement slab series and 
the "Good" durability category for CEM I cement slab and wall series. At 
120 days the oxygen permeability index results for CSF concrete have 
improved in quality and are still marginally lower than the FA concrete 
results for CEM I cements. At 120 days the oxygen permeability index for 
CSF concrete used with both OPC and CEM I cement falls within the 
"Good" durability category. As for FA concrete the oxygen permeability 
index results for this concrete exhibit the trend of improving in quality with 
time for CEM I cement, while the converse is true for OPC cements; and 
• The GGBS concretes produce oxygen permeability index results markedly 
lower than the CSF or FA concrete at both 28 days and 120 days. The 
results are within the "Good" durability category for both OPC and CEM I 
cements at 28 days, with OPC cement yielding marginally lower oxygen 
permeability index results. At 120 days the oxygen permeability index is 
within the "Good" durability category for both OPC and CEM I cement, 
with no visible variation between the two cement types. The oxygen 
permeability index results for this concrete exhibit the trend of improving in 
quality with time for CEM I cement, while the converse is true for OPC 
cements. 
INFLUENCE OF CURING METHOD 
WALL SERIES 
28-Day Results 
Figure 62 shows the 28-day oxygen permeability index results for the three 
concretes (together with the environmental rating), with reference to the different 
curing methods. 
From Figure 62, it is evident that as the environmental rating increases the oxygen 
permeability index increases. This observation is consistent for OPCIF A and 
OPC/CSF concretes and indicates that the oxygen permeability index is affected 
by curing. OPC/GGBS concretes show very little change, if any, with change in 
environmental rating. 
The 28-day oxygen permeability index results for OPC/GGBS concretes are 
detailed in Table 73. The oxygen permeability index results for the OPC/GGBS 
fall broadly within the "Poor" and "Very Poor" durability category. Interestingly 
no curing yields the most favourable site cured result, in the "Poor" category, 











Oxygen Permeability Index Results 
Wall Series@28Days 
FICIIR[ 62: 28-DAY OXYGEN PER.\1EABTLlTY INDEX RESULTS FOR THE 
VARIOUS Cor-;CRETES (TOGETIIER Wrnl THE ENVIRONMENTAL RATING), Wrrn 
REFERENCE To THE DIFFERENT C URING METIlODS. 
T ABU : 73: 28-DAY OXYGEN PERMEABlLITY INDEX REsUlTS FOR OPC/GGBS 
PER CURING METHOD. 
I, '" 
# Nil or negative valuc 
The 28-day oxygen pemlcability index re.'uUs for OPCiFA COllcretes are detailed 











TAB!'}: 74: 28-0AY O)"'YGEN PERMEABILITY ]:-''DEX RESULTS FOR OPC/FA 
CONCRETES PER CURL"IG MEnlUD 
CUIUNG m':VG[N PERMEABI I.n v CllR!~C Rtt>UMTOO 
METHOD INDEX a.\110* 
WATER 10,14 
-ii-;MPOlJ':W 9,21 . 
. . _ .. 
1> ' 
HESSIAN 9,26 liii I 
FORMWORJ( 9,49 .' 5 1 
UNCURED 9,25 Ii, 7ft 
• Based on k 
For wet curing thc oxygcn pcnncability index rcsnlts fall within the "Excellent" 
durability categOTY while for the remaining site-cured samples, the oxygen 
pcnneability index falls within the "Poor" durability category. 
The 28-day oxygen permeability index results for OPQCSF con~rde, are deL.l1led 
in Table 75 . 
TABU: 75: 28-DA Y OXYGEN PERMEAlJll.JTY INDEX RESULTS FOR OPCiCSF 
PER (:LORING METIlOD. 
MnHOD 
The oxygen penneability index results for the OPC/CSF concrete falls within the 
"Good" durability category, with the exception of the result for curing compound 
curing which fJl\s in the "Poor" durability category. 
For full-water curing OPCIFA concretes yielded the rno , [ favou rable oxygen 
pemleability index (10,14), followed by OPCICSF ~onn" l"S (9 ,79) and 
OPCIGGBS concretes (8,99). 
For the site-curing methods the oxygen penneability index results for OPCIGGBS 
yIeld the least favourable results and full into the "Very Poor" dtlrability category, 
with cunng compound curing exhibiting the poorest result. All of the site-curing 
results for the OPCIFA concretes arc within the "Poor" durability category and the 
results for wet curing are in the "Excellent" cmegory. The oxygen pcnneability 
index results for OPC/CSF fall broadly into the "Good" durability category. 
Figure 63 shows the change (i.e. increase) in 28-day oxygen pemleability TCStlltS 
for the various curing methods, and different concretes. The fi gure uses a "curing 
reduclion ratio" which is the difference between (he oxygen penneability index 
tlnder consideration (site-curing methods) and the fully water-cured condition 
dlvided by fully water-cured condition. It is in effect an indicator of the reduction 
in curing effectiveness of a given curing method, in relation to the fully water-












the shift between the fully cured oxygen permeability index value and the oxygen 
permeability index value for the site-curing method under consideration. Note 
that the curing reductiou ralio is based ou the coefficient of permeal,ility ('-) 
and not the oxygen permeability illde_~. 
C'urlng Retlnction Ratio for Ox)'g{'D Pem.'ability 
\VoIl Sen.,; 28 day Result .. 
FIGURI!: 63: CH,oNGE IN 28-DA V OX YGEN PERMEABlUTY RESLILTS FOR WALL 
SERlES PWlTED AGAINST RESPECTIVE CURL"IG MElMOD. 
Figur~ 63, show~ that the OPOFA concretes exhibited the highest "curing 
reduction ratio" in oxygen pCl1lleability index per curing method. This is an 
indication of the sensitivity oflhe OPCIFA concrete to curing. The OPCfGGBS 
and OPOCSF concretes yielded substantially lower "curing reduction ralio" 
values for thc yariou~ curing methods. It must be notoo however that the "curing 
rcduction ratio" for OPC/GGBS concrete must be viewed with some Trepidation, 
givcn that the result to wet curing is plausibly an ontlier. 
Thc OPC/FA concrete indicates that formwork curing is the most elTective site-
euring method followed by hessian curing, no active curing and the application of 
curing compound (in order of ~mxliv~ness) . A substantial variation is evident 
between the "curmg reducTion ratio" for fonnwork curing and the other sitc-curing 
mclhods. For OPCfCSF conerclc the ratio is remarkably consistent, with curing 
compound curing cxhibiting a slightly higher ratio. It would thus appear that the 
OPC/CSF concrete exhibit very Iitlle sensitivity to the site-curing method utilised. 
Couclusious Relatiug to 28-Day Results 
Based on the observations and discussion and subject to the environmental 
conditions experienced by the elements, the following can be concluded: 












7.4.1 .. 1 
a For the OPC!GGBS concretes the oxygen pemleability index results at 28 
days for all of the site-curing methods fall within the "Very Poor" durability 
category; 
a For OPC/FA concretes the fomlwork curing yielded oxygen permeability 
index results at 28 days in the "Poor" durability category, whilo wei curing 
yield "Excellent" durability properties. 1be remainder of the site-curing 
methods yielded "Poor" 28-day durability properties; 
a For OPCICSF concretes the oxygen permeability mdex results at 28 days 
fall within the "Good" durability category. with the exception of curing 
compound curing which yielded "Poor" results; 
• OPCIF A concretes exhibited the largesl "curing reduction ratio" for each 
curing method, while OPCIGGBS and OPCICSF concretes exhibited a 
substantially lower ratio for each curing method. hence reduced sensitivity 
to cunng; 
a Fonnwork retention as a cunng method is more beneficial than no-cuting 
for OPC/FA concretes, while for the OPCIGGBS and OPC;'CSF concretes 
the application of curing compound was less beneficial than no curing. Wet 
curing offered clear benefits for OPCIFA, OPCIGGBS and OPQ'CSF 
concretes. 
120-Day Results 
Figure 64 shows the 120-day oxygen permeability index results for the three 
concretes (together with the environmental rating), plotted against curing method. 
From Figure 64, it is evident that as the environmental rating increases the oxygen 
penneability index increases, per binder type. for all concrete types. 
The 120-day oxygen permeability index results for OPC/GGBS concretes are 
detailed in Table 76. 
TAIILE 76: 120-DAY OXYGE;\ PERMEABIUTY INDEX RESULTI FOR OPCIGGBS 
CONCRETES PER Cl~ING MElllOD , 
C URING OXYGEl'" P ER1\.1EABILITY " 'L't'RING JfI.DI.'CI'IOl'l 
METHOD IND~X RHIO' 
WATIlR 9,52 
COMPOUND 9.04 2,0t. 
HESSIAN 9,17 I)' 
ORbIWORK 8,80 4..35 
UNCliRED 8,79 4_17 
• Based on k 
For wet curing. the oxygen penneabilily index results for the OPCIGGBS 
concrete fulls within the "Good" durability category. For curing compound and 
hessian curing the oxygen permeability index falls within the "Poor" dllfability 
category while for forillwork and no active curing the results fall within the "Very 
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FIGUR!' 64: 12O-DAY OXYGEN PERMEABILITY INDEX REsULTS FOR THlJ 
VARlOU~ CONCRETES (TOGElHER WITII TH'E ENVIRONMENTAL RATING), WlTH 
REFEREKCIl TO THE DIFFERl'NT CUllING M IITHODS. 
Considering: the change in oxygen pClllicability indcl[ with time (nsing the 120-
day data as a base) incrcases of - 90 ~. to - 100 0;' have occurred for the hessian 
and curing compound curing respectively, while fur the water-cured cubcs the 
increase is - 24U%. For fonnwork and no active curing the oxygen penneability 
indcl[ has somewhat reduced (less favourable) with time. The various curing 
methods exhibit differ nt effects on the oxygen penneability index with time, blll 
in no instoncc do the improvements due to the sitc-curing match the continned 
improvements recorded for wet-cured concretes. 
The l20-day oxygen pcnneabil ity index results for OPC/FA concretes are detailed 
in Table 77. 
TABLE 77: l20-DAY OXYGEN PERMEABlLTTY INDEX RESULTS FOR OPG'FA 
CONCRETES PER CURING MElHOD 
CL'RlNG O XYGEN PER,\ tt.:A81L1TY CURING R~lJlJCl' I ON 
l\1ETllOD I.'1DEX k.\ TlO * 
WATER 1U,31 r · CO\II'Ol."ND 9.36 7.90 
HESSIAN 9,61 .1 _99 
OR.\l WORJ( 10,07 "6:7:r-' --
.. 
J .~ UNCL.RED 9,64 
• Based onk 
For wet curing and fonnwork curing the oxygen penneability index falls within 











curing falls in the "Good" durability category. For curing compound curing the 
results fall in the "Poor" durability category. Considering the change in oxygen 
penneallility index (using the 120-day data as a base) increases of ~ 20 % to - 50 
% occur for wet curing. curing compound curing and no curing. For hessian 
curing the change increases to - 120 % and for formwork curing - 280"10. 
The 12O-day oxygen permeability index results for OPCICSF concretes are 
detailed in Table 78. 
TABLE 78: 120·DAY OXYGEN PERMEABIUTY INDEX REsULTS FOR OPC/CSF 
CONCRFfES PER CURIl\G METHOD , 
CURlI\G O XYGEN P E:&'IEADILITY Cnl.l~(; R fI)lICTIOI'i 
1\Il""1" IIOD I ND[X It ... n ... * 
WATER 9,96 
COMPO\;ND 9,47 r- 2.1 1 . ' 9,55 l,!'i!t HESS!"" 
FORMWORK 9,48 - 2.06 
, ---- - --
UNCURED 9,58 1,45 
• Based onk 
The oxygen permeability index results for OPCICSF concrele falls within the 
"Good" durability category. for the wet curing, hessian and no curing. for 
formwork curing and the application of curing compound the results are within 
the "Poor" durability category_ Considering the change in oxygen permeability 
index (using the 120-day data as a base) increases of - 20 % to - 50 % o<;cur for 
wet and curing compound curing. For hessian curing, fonnwork curing and no 
active curing the oxygen permeability mdex test results decreased somewhat (less 
favourable) with time. 
For wet curing OPc/FA concretes yielded the highest oxygen permeability index 
(10,31), rollowed by OPCICSF concretes (9,%) and OPC/GGBS concretes (9.52). 
Figure 65 shows the change in 120-day oxygen permeability results for the 
various cnring methods, for the OPCiGGBS, OPCIFA and OPCICSf concretes. 
The figure depicts the ·curing reduction ratio" as discussed previously based on 
the coefficient ofperrneability (k). 
Considering the data presented in figure 65. OPC/CSF is the only concrete that 
exhibits reasonably consistent, relatively low "curing reduction ratios". indicating 
little sensitivity to site·curing. OPCIFA concrete exhibits a large variation in 
"curing reduction ratio", as does GGBS/OPC concrete. What is clearly indicated 
is the sensitivity of OPC/FA and OPC/GGBS concrete to curing, exhibited by the 
larger "curing reduction ratios", for some of the site cured conditions. OPCiF A 
concrete indicates that the application of curing compound is the least effective 
site-curing method, while no active curing and hessian curing are equally more 
effective with. fonnwork curing the most effective. OPC/GGBS concrete 
indicated that fonnwork and no active curingwere equally least effective with 
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PERMEABILITY REsULTS 
SERTES PLOTIllD AGAINST RESPECfIYE CURING METHOD. 
Conclusions Relaling to 120-Day Results 
Based on the obsavations and discussion the following can be concluded: 
\\,'ALL 
• At 120 days the oxygen permeability index is affected by the curing method 
utilised; 
• For the OPC/GGBS concretes the oxygen permeability index results at 120 
days for the site-curing methods falls within the "Poor" and "Very Poor" 
durabili\y category, while full water-curing yields "Excellent" dlll1lbi1i\y 
properties; 
• For OPC/F A concretes full water curing yields oxygen permeability index 
results at 120 days in the "Excellent" durability category, while the results 
for the site-curing methods range from "Good" to "Poor"; 
• For OPC/CSF concretes the oxygen permeability index resuHs at 120 days 
fall within the "Good" durability category; 
• OPCIFA concretes exhibited the largest "curing reduction ratio" while 
OPC/CSF concretes exhibited a substantially lower ratio. OPC/GGBS 
concrete exhibited a Iloticeably larger ratio than OPC/CSF concrete, but 
lower than the largest peak for OPCIFA concrete.; 
• COllSidering the "curing reduction ratio" for OPC/CSF concretes. it appears 
Ihilt i\ exhibits lower s.ensnivity 10 site-curing methods, v.-ithin the context of 
the envirorunenlal exposure condition experienced; and 
• The Uiie of fonnwork retention as a curing method is more beneficial than 
no-curing for OPO'FA concretes. while for the OPC/GGBS concrete the use 
of a curing compound and hessian was more beneficial Ihan no cunng. Full 
















• Note that, generally irrespective of curing method, FA concrete exhibited 
best performance followed by CSF and GGBS concrete, subject to the local 
climatic conditions. 
General Conclusions Relating to Site Cured Wall Samples 
Based on the observations and discussion the following can be concluded, relative 
to site cured wall samples. These are considered the key findings for this section 
of this chapter: 
• OPC/GGBS concrete in walls exhibited definite sensitivity to curing at both 
28 and 120 days. At 28 days the oxygen permeability index for various site-
cured samples are within the "Very Poor" durability category, while at 120 
days the results are within the "Very Poor" and "Good" durability category. 
No site-curing method emerges as being more beneficial than another at 
both 28 days and 120 days; 
• OPCIF A concrete exhibited a substantial sensitivity to curing at both 28 and 
120 days, and was the most sensitive of the three concretes used. At 28 
days the oxygen permeability index for various site-cured samples are 
within the "Poor" durability category, while at 120 days the results are 
within the "Poor" to "Excellent" durability category. The use of formwork 
retention as curing method is more beneficial than no active curing at both 
28 and 120 days. The application of curing compound and hessian curing is 
consistently less beneficial than no active curing at both 28 and 120 days; 
and 
• OPC/CSF concrete exhibited the least sensitivity to curing at both 28 and 
120 days, of the three concretes used. At 28 and 120 days the oxygen 
permeability index for various site-cured samples are within the "Poor" and 
"Good" durability category. At 28 and 120 days the order of efficiency of 
site-curing was consistent as follows; no curing, hessian curing, formwork 




The data is discussed for the elements cast using OPC and CEM I separately. The 
slab series 1&2 were cast using OPC while series 3&4 were cast using CEM I. 
Observations and Discussion: Series Cast Using OPC Concretes 
Figure 66 shows the 28-day oxygen permeability index results for the three 
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CONCRETES (TooETIffiR Willi THE ENVTRONMENTAL RATlNO), PLOTTED AOAlNSi 
VARIOCS CURING METHODS. 
TIle 28-day oxygen penneability index resuHs for Ute OPC/BBBS concrete arc 
given in Table 79. 
T AIII.!: 79: 28-DAY OXYom-: PERMEAUlLlTY INDEX RESULTS FOR OPC/GGBS 
Co um" PER CuRT1\G METHOD , " , 
OXYG~I''' OX"G~N 
_\IE.\ .~ ~t E \~ 
PER,\ l",\ UI Lln' I'ICII.MU IIILITY 
CURl1'iG O"Ha. "I ( ' UII IN(, 
.\l L'T HOO 
J:~ U.l:X IS DEX 
l'nnlu.L1JLI/\ KH'l L"J'IOS 
(SLAIJ."" (SLAII A2 1.\11";' R~TIO " 
SERIES) SERIES) 
I 
\\'A'ffiR 9,55 9,72 9.62 , oso-i COMPOUND 9,30 9,G7 9A5 
HESS1AN 9,15 9,70 'J' IJ.\I! • "T j li-".;p 9,80 9,73 'J,76 
UNCl..'RED 9,14 ,63 <;1,32 ],02 
~ !:lased on k 
It Nil or negative value 
Wet and sand curing arc in the "Good" durability category while the application of 
curing compound. hessian and !lO active curing an:: in the "Poor" durability 
category. Sand curing is the most effectivc site curing method followed by the 
applicatioo of curing compound, hessi~n curing and no active curing (in order of 
effectivene,s). It must be noted that in practical tenus the variation in the resu lts 
for the site curing methods is small and the results yield similar durability 












The 28-day oxygen penneability index results for the OPCIF A concrete are given 
in Table 80. 
TAHLIt 80: 28-DAV OXYGEN PERMEABILITY INDEX RESULTS FOR OPC/FA 
CONCRETE PER CURING M~::TI:!OD. 
~h:~N Mu"i 
CLRL'IG 
HRMEABILlTI' PERMKABILlTI' Ihn;t:N Crltl'<;G 
I ~OEX lNo~x 
l\1ETlIOD 
(SLAH HI (SLAB B2 
1't:1l.\!.t:.AIIILl I \ 1It:J)lJCTII)~' 
L\UEX It.nlO·' 
The result for wet curing iii in the "Excellent" durability category, while the site 
cured results are all within the "Good" durability category, with hessian curing 
yielding the lowest result (poorest properties), by a small margin. This re-iterates 
Ule previous rinding or the sensitivity or the OPCIF A concrete to curing. Sand 
curing is the most effective site curing method followed by the application of 
curing compound, no actiYe curing and heliliian (in order of effectiveneos). It must 
be noted that in practical terms the variations noted between the site cured results 
are small and yield effectively similar results. 
The 28-day oxygcn permeability indcx results for thc OPCiCSF roncretc arc 
given in Table 81. 
TAIlL[ 81: 28-DAY OXYGEN PER\1E ... BlU1Y INDEX REIiHTIi FOR OPC/CSF 




{l'n(;I:N ('t'Ml ~(; 
I\1ETIJOD }'[RMB8IUn' i1.[I)t;ClIO'<; 
{SLo\B Cl lSL~BC2 Iwo;.\ RAl lO· 
The result ror wet curing is within the "Excellent" durability category, and the site 
cured results ar~ all within the "Good" durability category. Sand curing iii the 
most elTective site curing method followed by the application of curing compound 
and no active curing (in order of effectivencss). Once again it must be noted that 












Figure 67 shows (he mean cbange in 28-day oxygen permeability results for (he 
various cunng metbods, for different concretes, and is based OD mean curing 






Curi n~ Reduction R.ao for (h~·ge. P.r~.bUlty 
Slab s<,.; ... for ope blnd, 28 do) .. Jte.uh. 
--
FIGURE 67: CHANGE rt< 28-DAY O}'l'GEN PERMEABlL1TY RESULTS FOR SLAB 
SERIES CAST USING OPC, PLOnED AGA1NST RESP[CT(Vll CURlNG METHOD. 
OPC/GGBS and OPC/P A concretes exhibited the highest "curing reduction wtio" 
in comparison with OPClCSF concrete, indicating the sensitivity of these 
concretes to curing. 
For OPCIGGBS concrete sand curing is shov.'ll to be tbe most effective site curing 
method. followed by the application of curing compound, hessian and 00 active 
curing with an equal marginally reduces effectiveness. OPc/FA concrete 
indicates that sand curing is the most effective site curing method followed by no 
active cnring, hessian and tbe application of curing compound curing all 
exhibihng similar effectiveness. For OPUCSF concrete no site curing method 
indicates an improved effectiveness relative to another. 
Observlltioos and Diseu~sion: Series Cast Usine CE_'tll Concretes 
Figure 68 shows the 28-day oxygetl penneability index results for the three 
concretes (together with envu-olllllental rating), with reference to the curing 
methods. 
Tbe 28-day oxygen penneability index results for the CElvl l/GGBS concrete arc 
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F IGU RE 6 8: 28-DAY OXYGEN PERMEABILITY INDEX RESULTS FOR CEM I 
CONCRETES (TCKJETHER Wll'JI TilE ENVIRUNMENTAL RATING), PLOTIl'D 
AGAINST VARIOUS CURlNG M ETHODS. 
T..\BLE 82 ; 28-DA Y OXYG EN PERMEABILITY INDEX REStTl TS FOR CEM j.,'{j(JBS 
CONCRETE PER C URlNG METlfOD 
OXYGEN OHGEN 
M[ \ ", :\1[.\ " 
CURll'C 
PE RM F ...... HILlTy " EII.\lEARII.ITY 
O '\\"G I \ ( :tIRI I'« : 
I.'WEX I NDEX 
M ETI IOD 
(SLABA3 (SLAB A4 
P!:IUIT% Hllr n Rtm'(;'IIl ~ 
SERIES) S ER IES) 
lr<llJ." ~,\ 1 III • 
WAlER 9,51 9,54 !>~~2 
COMPOUND 9,11 ,., 9,16 1 ~' 1 
HESSIAN ,28 9,48 '~7 , 0,44 -- --'.-
9,39 9,45 ! ! "D 11.42 'J6 
UNCURED 9,25 9,27 9,26 t ,", 
• Based on k 
The results for wet curing are within the "Good" durability category, while the 
remainder of the results are within the "Poor" durabi lity category, with the 
application of curing compound yielding the lowest (poorest) result. Sand curing 
is the most effective site curing methO<l followed by hess.ian curing, no active 
curing aJld the application of curing compound (in order of effectiveness). The 
variation in results behveen the various site cured concretes is oot negligible in 
this case, and sand curing is superior to curing compound curing. 
The change in cement type has had DO noticeable effect on the reSlllts and when 
compared to the ope cement data set, at the same element age, the results are 
"indistinguishable". Also of interest is that when compared ,vith the ope cement 











The 28...:1ay oxygen permeability index results for the CEM WA concretes are 
given in Table 83, 





# Nil or negative value 












The results for full wet curing are within the "Good" durability category as are all 
the site cured results, with the exception of the application of curing compound, 
which is within the "Poor" durability eategory. Sand curing is the most effective 
site curing method followed by no active curing, hessian curing and the 
application of curing compOlmd (in order of effectiveness), The variation in 
results between the various site cured concretes is not, and sand curing is superior 
to curing compound curing. 
The change in cement type has had no noticeable effect on the results and when 
compared to the OPC cement data set, at the same clement age, the results are 
"indistinguishable". 
The 28-day oxygen penneability index results for the CEM VCSF concrete are 
given in Table 84. 
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The results for wet and sand curing are within the "Good" durability category, 
while the remainder of the results are within the "Poor" durability category, with 
hessian curing yielding the lowest (poorest) result. Sand curing is the most 












active curing and hessian cunng (in order of effectiveness). Except for sand 
curing, there is little practical difference between the site cured results . When 
these resulls are compared to the OPC results. at the same element age, it is noted 
that generally the use of CElvl 1 cement yields noticeably lower, i.e. less 
favourable, oxygen permeability index results. 
Figure 69 shows the mean change in 18-day oxygen permeability index results for 
the various curing methods, for the different concretes and is based on mean 
curing reduction ratio a> presented in Tables 77 through 79. 
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F IGIIRE 69: CHA};GE 1:-; 2S-DAY OXYGEN PERMEABILITY RESULTS FOR SlAB 
SERIES CAST US~'1G CEM L PLO'ITED AGAINST RES PECTIVE CI.;IUNG METIlOD. 
For CEM VGGBS concrete, sand and hesslilll. curing are equally effective 
followed by no active curing and the application of curing compound (in order of 
effectiveness). CEM L'FA concrete shows that sand and hessian curing are more 
effective than the application of curing compound. For CEM I1CSF concrete sand 
curing is morc: effective than the application of curing compound, no active curing 
and hessian curing (in order of effectiveness). 
When the data presented here are compared with the OPC cement dma, at the 
same clement age, it is notoo that for GOBS concrete the "curing reduction ralio" 
has rednced for hessian, sand and no active curing but increasoo for the 
application of curing componnd. For FA concrete the ratio has reduced for 
hessian curing bnt increased for the application of curing compound curing. FOT 
CSF concrete the "curing reduction ratio" has increasoo for all the sile curing 
methods. 
Conclusions Rela linl: to 28-Day Results 
Based on the obSCfvation and discussion and subject to the environmental 











7 ..... 3 
7.4.3.1 
• GGBS concrete in slabs exhibited defmite senliitivity to curing at 28 days 
for both OPC and CEM I cements. The oxygen permeability index results 
for the various site-cured samples are within the "Good" and "Poor" 
durability category for OPC cement, and "Poor" durability category for 
CEM 1 cement. The use of CEM I cement with GGBS has had no 
noticeable effect on the oxygen permeability index when compared to OPC 
cement. Sand curing is more benellcial than the applicatIOn of curing 
compound. hessian curing or no active curing (in order of effoxtiveness) for 
OPClGGBS concretes at 28 days. For the CEM IIGGBS concrete at 28 
days liand and hessian curing are more effective than no active curing or the 
application of curin8 compound (in order of effectiveness); 
• FA concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM t cements. The oxygen permeability index results for the 
various site-cured samples are within the "Good" durability category for 
OPC cement, and "Good" and "Poor" durability category for CEM r cement. 
The use of CEM [ cement with FA has had no noticeable effoxt on the 
oxygen permeability index when compared to OPC cement. Sand curing is 
more beneficial than the application of curing compound, no active curing 
or hessian curing (in order of effectiveness) for OPCfFA concretes at 28 
days. For the CEM I concrete at 28 days sand curing more beneficial than 
no active curing, hessian curing and the awlication of curing compound (in 
order of effectiveness); 
• CSF concrete in slabs exhibited definite sensitivity to curing at 28 days for 
OPC and CEM [cemeots. The oxygen permeability index for the variol.ls 
site-cured samples are within the "Good" dLlfability category for OPC 
cement, and "Good" and "Poor" durability category for CEM 1 cement. The 
use of CEM I cenlent \~ith CSF has resnlted in a noticeable reduction 
(poorer properties) III oxygen permeability index results when compared to 
OPC cement. Sand curing is more beneficial than the application of curing 
compound or no active curing (in order of effectiveness) for OPC/GGBS 
concretes at 28 days. For the CEM IICSF concrete at 28 days sand curing is 
more benellcial than the application of curing compound, no active curing 
or hessian curing: and 
• GGBS and FA concrete when used with OPC cement exhibited a marked 
sensitivity to curing compared to OPCICSF concrete. For CEM I cement 
however GGBS and FA OOI1cretes did not exhibit this trend while CSF 
concrete showed an increase in curing sensitivity. 
• Sand cunng lS consistently superior to the other site curing methods for all 
the binder types . 
SLABSER]ES 
12O-Day Results 
The data is discussed for the elements cast using OPC and CEM I separately. The 











7.4.3.2 Observations and Discussion: Series Cast Using OPC Coneretes 
Figure 70 shows the nO-day oxygen permeability index results for the three 
concretes (together with environmental ra\ing). for to the dilTerent curing 
methods. 
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F1GI-' RE 70: 120-DA Y OXYGEN PER.\OlfAB1LllY iND£.X REsULTS FOR OPC 
CONCRLTES (TOOETHFR WIm THE ENVIRONMEmAL RATING), PLOTIED 
AGAI'lST VARlOL:S CURL>.;G MET.HODS. 
The nO-day oxyg~n permeability index TeSluts for thc OPC/GGBS concrete arc 
given in Table 85, 
T ARLr 85: 120-DA Y OXYGEN PER.\OIEABILIIT [r,;DEX RE~1)LTS FOR OPC/GGBS 
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• 
# NIl or negative value 
The result for wet curing, while shown to be statistically acceptable, is somewhat 
questionable. All the site cured results are markedly similar and fall in a narrow 
band, inside the "Good" durability category, while wet curing falls inside the 











no active curing, Ihe application of curing compound and no activc curing (in 
order or effectiveness). it must be noted that Ihe variation between the results for 
the site curing methods are small in real terms and all oflhe results are within the 
"Good" duraiJi~ty category. The change in oxygen permeability index results, 
relative to the 28-day results, using the 120-day results as a base, indicate that IKl 
active curing shows Ihe largest change and the application of curing compound 
the least. 
The 120-day oxygen penneabilily index results for the OPC/fA (O(l11crdts alX 
given in Table 86. 
TARLE 86: 120-DAV OXYGEN PERMEABILITV IN[)EX RESULTS FOR Ol'ClFA 
CONCRETE PER CURlNG METHOD. 
PERMF.A8ILITV P£RMJiABILTT\ 
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The results for weI curing and no active curing are inside the "Excellent" 
durability category, while the remainder of the site cured results are wilhin the 
"Good" durability category, with the application of curing compound yielding the 
lowe6t result (poorest propeJties). In practical terms, the site cured rcsults are 
similar except for the poorer curing compouud reslJlts. The change in oxygen 
petmcability index results, relative to the 28-day results, indicate that the oxygen 
pemleability index at 120 days reduces (develops poorer properties) for wet 
curing while no active curing exhibits the largest change and sand curing the least. 
The 120-day oxygen permeability index results for the OPC/CSF concretes are 







PERMEABILITY INDEX RESULnl FOR OPCiCSF 
,ONCRETE " eruN 
, " 
OXYCEN I OX\' GKN M~.\~ )}E\ 'j 
CUR(/\G 
l'ERI>IEABII, ITY , PEIHIFABILJ'l Y 
O\.Ha:~· (:UII.I,((; 
INDEX i INDEX METHOD (SIABCI (SL.-I.B C2 l'[RML\~tLln' II.nJtlCTlOI'I 
SERIfS) S[RIES) 
I'jJ}lX au' IIO· 
WATER No data 9,96 9,96 
OMPOUND 9,44 ; 12,.1),8 9,115 1,01 
HEsSrAN 9,47 H(04 9,67 a,9!! 
SAND ,65 
. 
(Outlier) 9,65 1,0J , 
~:;':: . '0:71' 
.... '" 
UNCUlfED ,75 9.70 












The reonito fall within a narrow band in the "Good" durability category. In 
practical tenns. all of tile site curing metho<ls achieve similar results. The change 
in oxygen penneability in<lcx resull.s, relative to the 28·<lay results, using the l2()" 
day rcoults as a base. indicate that the application of curing compOlmd shows the 
largcst change and sand curing the least. 
Figure 71 shows the mean change in 12()"day oxygen penneability results for the 
varions curing metho<ls fur different concretes, and is based OIl mean curing 
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F'lGI.'RE 71: CHA',GE IN 12()"DAY OXYGEN PER),.fEABlllTY RESULTS FOR SL\B 
SERIES CAST USI KG OPC. PLOTIED AGAINST RESPECTI VE CURING METlIOD. 
OPc/CSF concrete exhibited tile highest "curing reduction ratio" in comparison 
with OPCIfA concrete. 
Ao noted earlier all the site curing methods produced similar results, in practical 
temlS, with curing compound curing proving on balance to be the least effective 
curing method. 
The "curing rcduction ratio" for OPCJFA concrete has reduced from 1,0 to 1,5 at 
28 <lays to 0,3 to O,S at 120 days. For OPC/CSF concrete the "curing reduction 
ratio" has increased from 0,2 to 0,3 at 28 days to 0,7 to 1,0 at 120 days. 
Observations and Discussion: Series Cast Using CEM L Concretes 
Fisure 72 shows tho:" 12()"day oxygen permeability index resul\s for the three 
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FIGUR!! 72: l2O-DA Y OXYGEN I'ERMEJllllUTV INDEX Ri!sI;LTS FOR CEM I 
CONCRETl'.S (TOG£TH!lR WITI! THE ENvlRON'>fEl'.'TAL RATING), PLOITI!D 
ACAINSTVARIOUS o,lUNG METHODS. 
The 120-day oxyge:. penneab.lity iooex ~Its for Ihe CElM IIGGBS concretes 
are s ,,'cn ID Table 88. 
T ABLE 88: 120-DAY OXYGEN !>E;RMEADlU TI' L"DEX RESUL1'. FUR ("EM 1I00BS 
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The rNults for We! curing. hessian curing and sand (;uring are " ,.Ihon the "Good" 
durabi li ty (;ategory, whiltl the rernmllda of the results artl within !.he ~ Poor'" 
durabihty category, with the appl1caliOn of curing compound yielding thOl lowest 
(pcon:s t) rl:sult. Hessiilll curing is the nlost effective site curing metnoo fo llowed 












When these results are compared to the OPC results, at the same element age, it is 
noted that generally the me of CEM I cement results in lower, i.e. less favourable. 
oxygen permeability index re_ults. 
The 120-day oxygen permeability index results for the CEM UFA concretes are 
given in Table 89. 
TABLE 89: 120-0,\,/ OXYGEN PERMEABlLITV INDEX RESULTS FOR CEM I!FA 
CONCRETE PER CURING M ETHOD , , 
OXY(;F~ ,I OxYm.~ i :'lIB"! :'11[\1'< 
l'ER.\l [ABILITY l 'EillI1E.ABtUn 
CURIl'iG 
INDEX IN"DEX i 
Oxn: •• '1 l'nll~(; 
)'ETHOU rUI~l(,UJILlI \ RtUl lt 1'101" 
(SLAB B3 (SLAB B4 '"niX J!.\HO· SERIES) SERIES) , 
V,'ATER 9,93 9,98 l),9~ 
COYIPOUND 9,81 9,80 ');iIL 0,41 
HESS1Ai', 9.73 9,87 'J,7'1 0.45 
S.'-ND 9.73 9,93 ',82 0_'6 
NCURED 9,71 10.06 9,8. ,I 
• BilSed on k 
All of the results are within the "Good" durability category. In practical terms all 
the site curing methods yield similar results. When these results are compared to 
the OPC results, at the same element age, it is noted. that generally the use ofCEM 
I cement results in lower, i.e. less filVourable, oxygen penneilbility index results. 
The l20-day oxygen permeability index results for the CEM I1CSF concrete are 
given in Tilble 90. 
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All the results are within the "Good" durability ciltegory. No ilctive curing is the 
rno,t eiTeclive site curing method followed by the application of curing 
compound, sand curing and hessian curing (in order of effectiveness). When 
these results are compared to the OPC results, at the same element age, it is noted 
that generally the use of CEM I cement results in lower i,e. less favourable 












Figure 73 shows the mean change in 120-day oxygen permeability results for the 
various curing methods, for the djtTerent concretes and is based on mean curing 
reduction ratios as presented iu Tables 83 through 85. 
Curi. ~ R.d_<tlon Ratio far Oxygu P."nubiJi'y 
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FlGVRE 73: CHANGE IN 120-DAY OXYGE.' P[RM~ABlLlTY RESULTS FOR SLAB 
SERIES CAST USING CEM I, PLOTITD AGAlNST RESPECTIVE CURlNG Mr-THOD. 
No concrete indicates a notable increase in curing sensitivity relative to another 
and variations are noted across the range of site cured results. 
'While there arc internal variations between the effectiveness of the she cnring 
methods, for the various binder types at [20 days, there is usually little pr<lclical 
difference between the site curing methods. 
The "curing redoction ratio" for CEM liGGBS concrete has remained nnehanged 
from 0,3 to 1.3 at 28 days to 0,2 to 1.3 at 120 days. For CEM UFA concrete 
however the ratio has red uced notably from 0,5 to 2,8 at 28 days to 0,3 to 0,5 at 
120 days. CEM L'CSF concrete also exhibits a redllCtion in "enring reduction 
ratio" from 0,4 to 2,4 at 28 days to 0.2 to 0.9 at 120 days. 
When compared with the OPC concretes at 120 days it is interesting to note that 
the curing reduction ratio lor GGBS and CSF concretes (cast using CEM I) are 
very similar to the OPC concretes. 
Conclusions Relating to 12O-Day Resulls 
Based on the observation WKi discussion. and su.bject to the environmental 
conditions experienced, the following con be concluded: 
• GGBS concrete in slabs exhibited definite scnsitivity to curing at 120 days 
for OPC and CEM r cemenlS. The oxygen penneability llXleX for the 












cement and spread between the "Good" and "Poor" durability categories for 
CEM I cement. The use of CEM I cement with GGBS results in a 
noticeable reduction in oxygen penneability index when compared to OPC 
cement. The various site cured concrete exhibit effectively similar results 
and no active curing method emerges as more effective than another; and 
• FA concrete in slabs exhibited definite sensitivity to curing at 120 days for 
OPC and CEM I cements. The oxygen penneability index for the various 
site-cured samples is within the "Good" durability category for both OPC 
and CEM I cement. The use of CEM I cement with FA results in a marginal 
reduction in oxygen penneability index results when compared to OPC 
cement. The various site cured concrete exhibit effectively similar results 
and no active curing method emerges as more effective than another; and 
• CSF concrete in slabs exhibited definite sensitivity to curing at 120 days for 
OPC and CEM I cements. The oxygen penneability index for the various 
site-cured samples is within the "Excellent" to "Good" durability category 
for OPC cement and in the "Good" durability categories for CEM I cement. 
The various site cured concrete exhibit effectively similar results and no 
active curing method emerges as more effective than another; and 
• Notwithstanding the trend that the site curing methods yield similar result, 
the effect of wet curing is well established and produces more favourable 
results for all the binder types. 
General Conclusions Relating to Site Cured Slab Samples 
Based on the observations and discussion in the proceeding section of this chapter 
the following can be concluded, regarding site cured slab samples, and are 
considered as the key findings for this chapter: 
• GGBS concrete in slabs exhibited definite sensitivity to curing at both 28 
and 120 days for OPC and CEM I cements. At 28 days the oxygen 
penneability index for the various site-cured samples ranges from the 
"Poor" to "Good" durability category for OPC cement and spread between 
the "Good" and "Poor" durability categories for CEM I cement. The use of 
CEM I cement with GGBS results has had no effect at 28 days relative to 
OPC cement. At 120 days the oxygen penneability index results for the 
various site cured results to OPC cement are within the "Good" category, 
while they are within the "Poor" category for CEM I cement. In this case 
the use of CEM I has resulted in a reduction in the durability properties. At 
28 days sand and hessian curing is more beneficial than the application of 
curing compound and no active curing for OPC and CEM I concretes. At 
120 days the various site cured concrete exhibit effectively similar results 
and no active curing method emerges as more effective than another; and 
• FA concrete in slabs exhibited definite sensitivity to curing at both 28 and 
120 days for OPC and CEM I cements. At 28 days the oxygen penneability 
index for the various site-cured samples is within the "Good" durability 
category for OPC cement and spread between the "Good" and "Poor" 
durability categories for CEM I cement. The use of CEM I cement with FA 
results has had no effect at 28 days relative to OPC cement. At 120 days the 
oxygen penneability index results for the various site cured results to OPC 
cement are within the "Good" and "Excellent" category, while they are 
within the "Good" category for CEM I cement. In this case the use of CEM 











days sand curing is more beneficial than the application of curing compound 
for OPC and CEM I concretes. At 120 days the various site cured concrete 
exhibit effectively similar results and no active curing method emerges as 
more effective than another; and 
• CSF concrete in slabs exhibited definite sensitivity to curing at both 28 and 
120 days for OPC and CEM I cements. At 28 days the oxygen permeability 
index for the various site-cured samples is within the "Good" durability 
category for OPC cement and spread between the "Good" and "Poor" 
durability categories for CEM I cement. The use of CEM I cement with 
CSF results in a noticeable reduction in the durability properties at 28 days 
in relation to the OPC cement. At 120 days the oxygen permeability index 
results for the various site cured results to both OPC and CEM I cements are 
within the "Good" category. In this case the use of CEM I has had no effect 
on the durability properties. At 28 days sand curing is more beneficial than 
the application of curing compound or no active curing for OPC and CEM I 
concretes. At 120 days the various site cured concrete exhibit effectively 












7.4.3.6 General Summary Relating to Site Cured Samples (\Valls and Slabs) 
Table 91 reprcsents a summary of all the data used in the this chapter and can he considered to he a summary of findings 
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GENERAL CONCLUSIONS AND THE WAY FORWARD 
8.1 GENERAL CONCLUSIONS 
8.1.1 ENVIRONMENTAL CHARACTERISATION SYSTEM 
Central to this study was the development of an environmental characterisation 
system. Fortunately a recent laboratory study completed at the University of Cape 
Town 10 made it possible to formulate the basis of the system, however certain 
limitations were evident as follows: 
• The laboratory based study was based on OPC as a binder while in this 
project three extenders were used, namely GGBS, FA and CSF; 
• The mean temperature range measured on the test site varied from 10°C to 
25°C, while the temperature model, based on the laboratory study, makes 
allowance for a temperature range from 18°C to 35°C; 
• The mean relative humidity range measured on the test site varied from 20% 
to 100%, while the relative humidity model, based on the lab study, makes 
allowance for a relative humidity range from 40% to 80%; and 
• The results on which the models are based are derived from a test condition 
having a period of wet curing of I-day, a relative humidity of 50% and a 
temperature of 18°C. The interaction of these various environmental factors 
will certainly influence the data - in other words the model is not a true 
reflection of a single environmental factor. The ideal scenario would be to 
have information based on a lower relative humidity - 10% to 20%, a lower 
temperature - 5°C to lOoC, and an uncured sample, to enable the individual 
environmental factors to be measured in isolation. 
Notwithstanding these limitations a sensitivity analysis was undertaken and an 
environmental characterisation system was developed for three regions in South 
Africa (Cape Town, Johannesburg and East London). The analysis showed 
sensitivity to the various regions and indicated that the system, although as yet 
unrefined, is a valuable tool. Of the three regional considered, East London was 
found to provide the most favourable environment for the development of 
durability index properties. Initially Durban was also considered, but was 
discarded from the analysis, due to the similarity of the climatic conditions to East 
London. 
8.1.2 CHLORIDE CONDUCTIVITY 
The chloride conductivity test measures the ionic conductivity of chloride ions 
through a concrete sample and is more related to the bulk properties of the 
concrete than the near surface properties. It has been shown by previous 
research34 to be sensitive to concrete grade, and also binder types, particularly 
GGBS and FA. This is corroborated by this study where more favourable results 











The chloride conductivity properties also responded to the change in cement type, 
with CEM I cement used with GGB resulting in poorer properties. The use of 
CEM I cement with FA and CSF yields concrete less sensitive to curing compared 
to OPC cement. 
The effect of concrete grade is also evident in that the 30 MPa walls consistently 
produce poorer properties than the 35 MPa slabs. 
The effect of curing is much less noticeable than the effect of binder type. 
Nevertheless the no active curing condition consistently produced the poorest 
properties at 120 days. Also the FA concrete is clearly more sensitive to curing, 
particularly when used with OPC cement. 
The chloride conductivity improves substantially with time over the full 120 day 
test period, more so for FA concretes than GGBS and CSF concretes, and more so 
than the increase in compressive strength. This trend is an important finding, and 
runs somewhat contrary to previous laboratory work (e.g. by Griesel54) which 
indicates that even 3 days of wet curing is often able to produce properties not 
very different from those produced with 28 days of wet curing, which was 
assumed to be at or near the ultimate achievable value. However under benign 
site conditions, continued natural curing can have substantial benefits on the 
longer term properties, as evidenced by the 120-day results which were 
consistently and significantly better than the 28-day results. 
What is unclear at this stage is how the durability properties continue to develop 
with time, beyond 120 days. Do they continue improving with age and at what 
rate, and more importantly, at what age does the improvement slow to become 
negligible? 
This observation brings somewhat into question one of the underlying principles 
used in developing the environmental characterisation system in Chapter 4 of this 
study viz. the early age environmental weighting system (see page 47 of this 
document). In the absence of more data it is not possible, at this stage, to refine 
the characterisation system but it must be clearly stated that the assumption made 
in Chapter 4 will need to be reviewed. 
Also noteworthy is that the durability properties for no curing improve with time 
for all three concretes, i.e. improvements in properties can result even in the 
absence of curing. This reinforces the findings of the analysis in Chapter 4, that 
the climate in East London is favourable to the development of durability indexes. 
The benign environment of East London has masked the sensitivity of the site 
curing methods. In other words the observation relating to the improvement of 
the no cured condition with time will in all probability not be repeated in other 
regions with a harsher climate. It is thus important to view the site curing 
efficiency in relation to the environmental rating developed for a particular area or 
region. Unfortunately in the case of this study the masking effect is so 
pronounced that it is not possible to comment on the effectiveness of the various 
site curing methods. It must be stressed that this does not suggest that curing has 












8.1.3 WATER SORPTIVITY 
The water sorptivity test measures the rate of abso~tion of water into a concrete 
sample and has been shown by previous researchers 3 to be sensitive to degree of 
initial curing. The test is more related to the near-surface properties of the 
concrete and not the bulk material properties. This test is best done on young 
concretes as older concretes may be contaminated with salts, or be carbonated 
which alters the absorption of the water into the pore structure. 
The benefits of curing are borne out by the fact that full water curing consistently 
produces the best results regardless of concrete type or element. Also of interest 
is that the variation between the fully water cured results is relatively small 
between the various concretes and test elements. It is also noted that all the 
concretes, regardless of cement type have similar sensitivities to curing (exhibited 
by the curing reduction ratio). 
The same trend, as for chloride conductivity, regarding the improvement of 
properties with time is evident. In this case, however, the degree of improvement 
is similar for all three concretes; both test elements and cement types. Once again 
the same questions apply, and also the comments regarding the environment. 
8.1.4 OXYGEN PERMEABILITY INDEX 
The oxygen permeability index is based on the Darcy coefficient determined by 
the flow of oxygen through a concrete sample and has been shown by previous 
researchers33 to be sensitive to concrete grade, binder type and curing. The test is 
more related to the microstructure of the concrete or rather the size and 
distribution of pores in the concrete sample that can facilitate gas flow. In the 
case of this index the hydration of the binder in the concrete in creating a dense 
microstructure plays a major role. CSF when used in concrete has the tendency to 
reduce the permeability considerably35 due to the highly pozzolanic nature of the 
material and extreme fineness and the material is often referred to as a "fine 
filler". FA although not as fine as CSF also has a highly pozzolanic nature and is 
noted as reducing permeability by acting as a filler materiat36. It is noted however 
that for both of these materials the pozzolanic reaction can only proceed in the 
presence of available moisture, thus curing is important. 
When considering the test data it is noted that the FA and CSF concretes produce 
more favourable properties than the GGBS concretes, as may be expected from 
the above discussion. The results also clearly bear out the high sensitivity of FA 
concrete to curing. Also of note is the poor performance of CEM I cement 
relative to OPC cement with noticeably poorer properties developed particularly 
for CSF and GGBS. This highlights the importance of the compatibility of the 
cement and extender in producing a dense pore structure. 
The curing sensitivity is markedly more noticeable for walls than slabs for all of 
the concretes, and particularly for FA concrete. Not only are the walls a lower 
grade of concrete than the slabs, but also the effectiveness of curing for the walls 











Once again the trend regarding the improvement of properties with time is clearly 
evident. In this case, however, the improvement is very variable and follows no 
set pattern. The same questions as noted previously apply, as also the comments 
regarding the environment. 
8.2 THE WAY FORWARD 
a) The environmental characterisation system requires refinements in that a 
study similar to the one undertaken by Griesel54 is required with the 
following refinements: 
• FA, GGBS and CSF concretes must be added; 
• The limits of temperature and relative humidity must be expanded to 
accommodate the full climatic range experienced in South Africa, and 
also in order to make it possible to distinguish between the effects of 
temperature and relative humidity; 
• The durability indexes must be determined at a series of element ages 
to facilitate evaluation of development of properties with time. 
b) With the above information it will be possible to refine the system and then to 
correlate it with real site based results for various climatic regions in South 
Africa. Only then will it be possible to gain a fuller understanding of the 
complex interaction between curing, the environment and various binder 
interactions. 
c) The interaction between cement type and extender requires more 
investigation. While this study used cement from one source only, a study 
evaluating the effect of various cements from various sources will indicate the 
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Thi, ~togr"ph i! tal<:cn looking No,th and 900WS les.!. site No. I (the slabs). Note thl: pn.:cast 
concrete wall on Ille northern OOundlry, al so the KS'lregtltel (ston.:d under tarpaulin) against th~ wall. 
The [lOrtable COnCl\,1e mixer visible on the e:lstcm fucc of the photograph was used 10 bntch the 
con<:n.:t~ . Note how each ,lab panel i, spHt IntO fOllr i<:gments {one per ,ite curing method}, 
I'IIOTOGRA PH 2 
Inil photograph i, taken looking Enst IOwnrds tlte iOtJt hcm break wall of !he Eos! London Pon 












n" pOOlOgraph is la~~n from tilt SlIm. ~ li"n as pholograph 1, .howin~ III. complete. set of sl~b leSt 
clemenl, (12 ill :Olll12 d emcms In: partt' c"~~red by ShOlbl:..t do:bri! In the foreground). Tho ,Inb I 
".d,,~ are clo~e~1 II) th~ camera w Ih the slat 4 ""ies fu rthe~1 from the c"m~ra. 
['I:WTOGRtl ru ..j 
T,;, pootoglll~ is taken Iooklllj North ,'''' dl<lWS tl'lt <ile No.1 (the ...... lIs). rho: Buffalo R,,·u is 













This pholograph is taken from the same position as photograph 4 but looking North-East. The East 
bank of the Pori of F.a,t L<:mdon i, vi sible in Ihe background. 
PHOTOGRAP H 6 
Thi, pholOgraph i, laken on t fle F.a>l bank of the pon looking towards the moulh of the Buffalo River 
shows the mass concrete paving under construction. The inilial planning ",as to uSe de'ignalcd sites 













Thi~ photograph s tak~n On th~ West ban~ oft"" Pon looking a"ay from l~ Buffalo Riv~r shows the 
reinforced concme ",mining" all constructdd to facilitate the placing of a Civil Engineer Mainl""ance 
Depot for the Port. A, with !.he c.)ncrele paving tbe initial intention was 10 use parts Oflhd element as 
a test ar~a. It was lat~r decid~d roweyer to ca,t ,tand-alone test walls (a, seen in photographs 4 and 
" 
PHOTOGRAPH 8 












This ~h..J!Ol!fllph :>1m'''' the <!qUlp"",n! "sed to "atcll the vano,,' test mixC'S. "Ole tII~ IDa$! boIlanc~ m 
the c~nTre of the photc~raph used tG ensure the C<lrrecl prOportIon. ofthe dry cQ n.timerlt< . 
SLAB 
B2 
PIIOTIX;RAI' II 10 
Thl~ ~pll stlO",S the <ootlDl or , ... "tcr ud.JeJ to) t .... mix by USing a slun'prone. NO(" ,lie mix 











PHOTOGRo\,PR I I 
This photograph shows the placing and compactioLl of one of the slab series test elements. Note the 
poker vibrator used for compaction and also til e portable conc",te mixer visible on the left hand sid" 
of the photograph. 
PHOTOGRAPH 12 
This photograph shows lhe striking-otr of the concret~ surface to the slab t~st elemeots. Note the slab 
split iota four u.ing a nosing tool, the bru,h finish and the identification tags. In the background the 











I'IIOTOGRAI 'U IS 
Thl! photopaph sho~ the application t,)fthe si r. curing "~o.b. No'e how the hess Ian I~ IPil lied in 
a double iMyer. well "'Mated and then COl'e",d with" green plasti~ sh~.t ( fC~ photogl1lph 15). :--otc 
the thickness of the sand lay~r (± 7Smm) ~nd also the resin bas d pigmented cur ing (:.O m"ound (see 
phOlogl1lr/' 14 for aWl icallon). 
PHOTOGRAPII I~ 
This photogmph show, the applK::!tion Ilf a plgmem<"d reson-based ~urin~ eOIHp<:lund to a .Iab te" 












Tn i. phoIoo.,raph show. tile green plaSlL~ sheet co.~rinl! 10 !h~ hcss;~" (note how the ~dg." are 
se~ured) Also noll! the ~and layer wdl saturated "lie, placing_ 
PHOTUGItAl'fI' 16 
Th,s pholograph 8how~ .he Will test d~m.nl' under thc !i\ ... curing :11.1 <00 9$ rollows from lell lO nshl. 
• ","ocunng 
• The app\k:nuoo ofa pigmented rcs i" .hn;ed cUring compo<l1,d . 
• Hessian ~ lIri "g ~ o,"~rcd WLlh a gr"en plHSlk ih~c(. 












This photograph shows too extraction of core samples at 28 days to a wall te~t dement (the coring 
equipment is visibj~ and discussed under photograph 19). Not~ that a total of 8 cores pcr clement 
were extracted (4 oft' - 150mm length and 4 off - 80mm length). At 120 days only 6 cores "er~ 
extracted (3 off - 150mm length and 3 off - 80mm length). The cores Were removed using a small 
cold steel chisel and a 4 lb. hammer (visible in the photograph). 
PHOTOGRAPH 18 
This photograph shows a s~t of cores extracted per seasonal cast serie~ at 28 days. As per the walls. 8 













This photograph show. the coring "'Iuipm~nt and drive unit us~d as 
.upplied by a local materials laboratory. The core motor was 
hydraul ically driven with the hydraulic pump power~d by a petrol-
fuelled rotary motor. The core motor housing is held in place by a 
large ba,eplate (visible under the operator; feet) fixed by a steel pipe 
and suide Mm. In the ca,e of both t~st sites it was possible to connect 
warennain pre.-ure for the lubrication (~s vi"ble in the foreground). 
Note the maize expott storage facilil}" in the background on th~ west 











PIIOTOG1L\ 1'1I 20 
nl!~ plIot""lph Ibov.~ II!.: I~mpnat"r.....:onuoll.:d ",,"no: OOlh ":ht:,,, 
m( ftf~no:t !.ampl"" "'c~ ~1.II'.:d. NOI~ .he ~nnf\.<Ul. the e,r.::ull" ...., 
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EXAl\lI'LI! OF WORKSIlt:tT ~HOWI:XG FORMAT Of WATI! I( SOIH'TI VITY OATA 


















































EXAMPLE WORKSHEETS SHOWING FORMAT OF OXYGEN 






















£""""-£ \\OItKSH£ETS SHOW" C FOk""T 01'0:\ H ';L't 1'EIt.'ol EAI1Un I,"Dt:.\ TM.1/\ 


























EXTRACTS FROM THE AMERICAN NATIONAL STANDARDS 












"STANDARD PRACTICE FOR DEALING WITH OUTLYING OBSERVATIONS" 
4. Recommended Criteria for Single Samples 
4.1 Let the sample of n observations be denoted in order of increasing magnitude by 
XI ~ X2 ~ X3 ~ ••• ~ Xm Let Xn be the doubtful value, that is the largest value. The 




arithmetic average of all n values and 
estimate of the population standard deviation based on the sample data, 
calculated as follows : 
If X, rather than Xn is the doubtful value, the criterion is as follows: 
The critical values for either case, for the 1 and 5 % levels of significance, are 
given in Table 1. Table 1 and the following tables give the "one-sided" 
significance levels. In the previous tentative recommended practice (1961), the 
tables listed values of significance levels double those in the present practice since 
it was considered that the experimenter would test either the 10wC?st or the highest 
observation (or both) for statistical significance. However, to be consistent with 
actual practice and in an attempt to avoid further misunderstanding single-sided 
significance levels are tabulated here so that both viewpoints can be represented. 
4.2 The hypothesis that we are testing in every case is that all observations in the 
sample come from th  same normal population. Let us adopt, for example, a 
significance level of 0.05. If we are interested only in outliers that occur on the 
high side, we should always use the statistic Tn = (xn - x)/s and take as critical 
value the 0.05 point of Table 1. On the other hand, if we are interested only in 
outliers occurring on the low side, we would always use the statistic T I = (x - XI)/S 
and again take as a critical value the 0.05 point of Table 1. Suppose, however, 
that we are interested in outliers occurring on either side, but do not believe that 
outliers can occur on both sides simultaneously. We might, for example, believe 
that at some time during the experiment something possibly happened to cause an 
extraneous variation on the high side or on the low side but that it was very 
unlikely that two or more such events should have occurred, one being an 
extraneous variation on the high side and the other an extraneous variation on 
the low side. With this point of view we should use the statistic Tn = (xn - x)/s 
of the statistic T I = (x - XI)/S whichever is larger. If in this instance we use the 
0.05 point of Table 1 as our critical value, the true significance level would be 
twice 0.05 or 0.10. If we wish a significance level of 0.05 and not 0.1 0, we must 
in this case use as a critical value the 0.025 point of Table 1. Similar 











"STANDARD PRACTICE FOR DEALING WITH OUTLYING OBSERVATIONS" 
4.2.1 Example 1 -_as an illustration of the use of Tn and Table 1, consider the following 
ten observations on breaking strength (in pounds) ofO.l04-in. hard-drawn copper 
wire: 568, 570, 570, 570, 572, 572, 572, 578, 584, 596. The doubtful observation 
is the high value, XJO = 596. Is the value of 596 significantly high? The mean is i 
= 575.2 and the estimated standard deviation is s = 8.70. We compute 
TJO = (596 - 575.2)/8.70 = 2.39 
From Table 1, for n = 10, note that a TJO as large as 2.39 would occur by chance 
with probability less than 0.05. In fact, so large a value would occur by chance 
not much more often than 1 % of the time. Thus the weight of the evidence is 
against the doubtful value having come from the same population as the others 
(assuming the population is normally distributed). Investigation of the doubtful 
value is therefore indicated. 
TABLE 1: CRITICAL VALUES FOR T (ONE-SIDED TEST) WHEN -STANDARD 
DEVIA TION IS CALCULATED FROM THE SAME SAMPLE 
(IJ 
roil roil roil roil roil roil ~z ~U ~U ~U ,~ U ~U ~U oS ~Z...,;j ~z...,;j o Z...,;j ~z...,;j o Z...,;j ~Z...,;j g::E-
Ctjroil Ctjroil ...-4-<roil M-<roil lI"l-<roil ...-4tjroil roil~~ g:: - > g::-> g::5:!> g::5:!> g::U> g::-> =g:: roil~roil roil~roil roil~roil roil~roil roil!:roil roil~roil 
~roil Q"Z...::l Q"Z...::l !:Z...::l Q,,-...::l Q,,-...::l Q,,-...::l 
;:J(IJ Q"t,!) ~~ ~~ 
Q"Z ~~ Q" Z 
Z~ ~- ~~ - ~~ rJ:J rJ:J rJ:J rJ:J rJ:J rJ:J 
3 1.155 1.155 1.155 1.155 1.153 1.148 
4 1.499 1.496 1.492 1.481 1.463 1.425 
5 1.780 1.764 1.749 1.715 1.672 1.602 
6 2.011 1.973 L944 1.887 1.822 1.729 
7 2.201 2.139 2.097 2.020 1.938 1.828 
8 2.358 2.274 2.221 2.126 2.032 1.909 
9 2.492 2.387 2.323 2.215 2.110 1.977 























This appendix details the calculation of the 28-day, overall environmental rating of a site cured 
element (in this case wall A) based on the response to Chloride Conductivity. The table below 
indicates the raw climatic data recorded relative to element age and then calculates the site 
(element) scoring as also the control (wet cured cube) scoring. The element ages are conveniently 
grouped to facilitate the application of the hydration rate weighting. 
RAw ENVIRONEMENTAL DATA AND SCORING TO WALL A, FOR DETERMINATION OF 
ENVIRONMENT AL RATING TO CHLORIDE CONDUCTIVITY INDEX 
RELATIVE HUMIDITY TEMPERATURE PRECIPITATION 
SCORING SCORING SCORING 
Age Mean Site Control Mean Site Control Vol. Duration Site Control 
(days) Daily Daily (mm) (min) 
R.H. Temp 
(%) (0 C) 
1 89 10.0 10.0 15.5 10.0 8.0 0.0 10 
2 81 10.0 10.0 15.3 10.0 8.0 0.4 5 O.l 10 
3 78 9.7 10.0 16.7 10.0 8.0 0.0 10 
29.7 30.0 30.0 24.0 0.1 30 
4 86 10.0 10.0 15.6 10.0 8.0 1.6 10 0.3 10 
5 74 9.2 10.0 16.8 10.0 8.0 0.0 10 
6 78 9.7 10.0 17.2 10.0 8.0 0.5 5 O.l 10 
7 72 8.9 10.0 17.5 10.0 8.0 0.0 10 
37.9 40.0 40.0 32.0 0.4 40 
8 78 9.7 10.0 18.l 10.0 8.0 5.6 29 1.0 10 
9 95 10.0 10.0 16.2 10.0 8.0 45.9 210 6.0 10 
10 83 10.0 10.0 17.9 10.0 8.0 7.4 40 1.4 10 
11 86 10.0 10.0 17.l 10.0 8.0 0.0 10 
12 83 10.0 10.0 17.4 10.0 8.0 0.0 10 
13 83 10.0 10.0 16.7 10.0 8.0 0.0 10 
14 80 10.0 10.0 17.5 10.0 8.0 0.0 10 
69.7 70.0 70.0 56.0 8.4 70 
15 76 9.5 10.0 16.4 10.0 8.0 0.0 10 
16 73 9.l 10.0 16.5 10.0 8.0 0.2 5 0.1 10 
17 73 9.l 10.0 16.5 10.0 8.0 0.0 10 
18 59 6.l 10.0 18.4 9.8 8.0 0.0 10 
19 27 0.0 10.0 23.l 8.0 8.0 0.0 10 
20 26 0.0 10.0 25.0 7.2 8.0 0.0 10 
21 64 7.7 10.0 17.1 10.0 8.0 0.0 10 
22 67 8.3 10.0 15.4 10.0 8.0 0.0 10 
23 79 9.9 10.0 16.7 10.0 8.0 0.0 10 
24 61 6.7 10.0 20.0 9.2 8.0 0.0 10 
25 59 6.l 10.0 20.4 9.0 8.0 0.0 10 
26 92 10.0 10.0 17.7 10.0 8.0 11.8 55 2.1 10 
27 87 10.0 10.0 16.8 10.0 8.0 0.4 10 0.2 10 
28 69 8.5 10.0 12.8 10.0 8.0 23.6 120 4.0 10 
29 72 8.9 10.0 9.9 10.0 8.0 13.2 115 2.9 10 
30 74 9.2 10.0 12.3 10.0 8.0 0.4 10 0.2 10 
119.0 160.0 153.2 128.0 9.5 160.0 
The scoring generated in the table above is used in each of the tables below to determine the 
weighted score for both the site (element) and control (wet cured cube) for each of the three 











yield a weighted scoring for both the site and control scenarios. The site scenario is then 
represented as a ratio relative to the control weighted scoring, per climatic influence. Each of the 
three tables below details the calculation of the weighted scoring for Relative Humidity, 
Temperature and Precipitation. 
SUMMARY OF WEIGHTED RELATIVE HUMIDITY SCORING 
WEIGHTED 
SCORING 
Age SCORING Hydration Rate Control Site 
(da~~l Control Site Web~hting (%) 
1-3 30.0 29.7 30% 9.0 8.9 
4-7 40.0 37.9 20% 8.0 7.6 
8-14 70.0 69.7 15% 10.5 10.5 
15-30 160.0 119.0 15% 24.0 17.8 
51.5 44.8 
87.0% 
The weighted Relative Humidity scoring to wall A for 28 days, based on the response to Chloride 
Conductivity, indicates that the site Relative Humidity could be expected to impart a potential 
Chloride Conductivity of 87,0% of that of full water curing for the same period (control). 
SUMMARY OF WEIGHTED TEMPERATURE SCORING 
WEIGHTED 
SCORING 
Age SCORING Hydration Rate Weighted Weighted 
(days) Control Site Weighting (%) Cube Element 
1-3 24.0 30.0 30% 7.2 9.0 
4-7 32.0 40.0 20% 6.4 8.0 
8-14 56.0 70.0 15% 8.4 10.5 
15-30 128.0 153.2 15% 19.2 23.0 
41.2 50.5 
122.5% 
As above the weighted temperature scoring to wall A for 28 days, based on the response to Chloride 
Conductivity, indicates that the site temperature could be expected to impart a potential Chloride 
Conductivity of 122,5% of that of full water curing for the same period (control). In other words 
the site temperature conditions were more favourable to the development of potential chloride 
conductivity properties than the control condition. 
SUMMARY OF WEIGHTED PRECIPITATION SCORING 
WEIGHTED 
SCORING 
Age SCORING Hydration Rate Weighted Weighted 
(days) Control Site Weighting (%) Cube Element 
1-3 30.0 0.1 30% 9.0 0.0 
4-7 40.0 0.4 20% 8.0 0.1 
8-14 70.0 8.4 15% 10.5 1.3 
15-30 160.0 9.5 15% 24.0 1.4 
51.5 2.8 
5.4% 











To represent the influence and relative effect of each of the three climatic influences as a single 
index or rating a further overall weighting system is applied to the three individual weighted scores 
as determined above. In other words the influences of temperature, relative humidity and 
precipitation, on developing potential chloride conductivity, is not taken as equal as explained in 
more detail in chapter 4. 
FINAL OVERALL ENVIRONMENTAL RATING FOR WALL SERIES AT 28 
DAYS, BASED ON RESPONSE TO CHLORIDE CONDUCTIVITY 
TEMPERA- WF RELATIVE WF PRECIPI- WF FINAL 
TURE HUMIDITY TATION RATING 
WALLA 122.5% 20.0% 87.0% 20.0% 5.4% 60.0% 45.2% 
WALLB 122.2% 20.0% 79.8% 20.0% 0.6% 60.0% 40.7% 
WALLC 123.8% 20.0% 84.6% 20.0% 5.4% 60.0% 44.9% 
The final rating is thus an indication of the ratio of potential chloride conductivity that can be 
expected to develop on site relative to the control for the given environmental exposure conditions. 
Not only is this rating useful in indicating the combined effect of the environment but it also 
provides a framework to compare various site cured results. 
The process as explained above is repeated for all the test elements by simply altering the raw 
climatic data to calculate the environmental rating in response to chloride conductivity. By using a 
revised scoring system and overall weighting factor the environmental rating with response to water 











STATISTICAL ANALYSIS OF CHLORIDE CONDUCTIVITY DATA 
























STATISTICAL ANALYSIS OF CHLORIDE CONDUCTIVITY DATA 
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STATISTICAL ANALYSIS OF CHLORIDE CONDUCTIVITY DATA 











STATISTICAL ANALYSIS 011 CHLORIDE CONDlT'TIVITY DATA fOR CSII 
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